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SUMMARY
D ifferen tia tion  and m orphogenesis in the budding pho tosyn thetic  
b ac te riu m . R hodom icrobium  vannielii (R m S ) w a s  in v e s tig a ted j u sin g  
batch and continuous cu ltu re  techn iques. A p rev io u sly u n d o cu m en ted  
's im p lified ' vege ta tive  c e llc y c le  was iden tified . 'S im p lified ' Rm 5 
c e l ls ( with a developm enta l cy c le  re se m b lin g  tha t of the p ro s th e c a te  
H yphom tcrobium . w ere  iso la ted  from  the la te  exponen tia l g row th  p h ase  
of batch c u l tu re s > o r  from  continuous cu ltu resgrow n u n d er high CO^ 
te n sio n s. E x p ressio n  of th is c e ll  type a p p e a rs  to be u nder 
env ironm en ta l c o n t r o l  although the p o ss ib ility  tha t such c e lls  m ay be 
m utan ts has not been overlooked . P rev ious s tu d ies  have a s so c ia te d  
sw arm  c e ll  production  with m o th e r c e lls  c o m p ris in g  m u lt ic e llu la r  
a r r a y s > b u tth e  ex is te n ce  of 's im p lified ' c e l ls  su g g ests  th a t m ic ro co lo n y  
form ation  is not a p re re q u is ite  fo r  sw arm  c e ll  sy n th e s is . T he 
c h a ra c te r is t ic s  of th is  unusua l c e ll  type and the m orphology and 
physiology w ere  co m p ared  with c e lls  cf R hodom icrobium  e x p re s s in g  
the ’n o rm a l’ developm enta l cy c le . Soluble p ro te in  e x tra c ts  of 
’s im p lif ied ’Rm 5 c e lls  w ere  com pared  w ith those  of the o th e r  c e ll  
types by po ly acry lam id e  ge l e le c tro p h o re s is .
Since rep ro d u c ib ility  o f re s u lts w a s  d ifficu lt to ach ieve u n d e r  batch  
cu ltu re  cond itions> the p o ss ib ility  of u sing  a ch em o sta t to p e r fo rm  
sim ple  physio log ica l stud ies  and op tim ise  grow th conditions w as 
investiga ted . E x p erim en ts  w e re  p e rfo rm ed  in o rd e r  to try  and e lu c id a te  
w hether o r n o t 's im p lif ie d ' Rm 5 c ells  w ere  m u ta tions, o r  a fo rm  of 
c e llu la r  exp ressio n  in re sp o n se  to p a r t ic u la r  en v iro n m en ta ico n d itio n s . 
Although grow th of Rm  5 is accom panied by ob ligate d iffe ren tia tio n , 
life cy c le  v a ria tio n s such as exospore  production  and sw arm  ce ll fo rm ation  
a re  a lm o s t c e r ta in ly  env ironm enta lly  induced. P re lim in a ry  investiga tions 
w ere  m ade as to the effec t of d iffe ren t en v iro n m en ta l conditions on 
c e llu la r  exp ression  in Rm 5. L ight in tensity , pH and CC^ tension w ere  
involved with sw arm  c e ll production and developm ent, w h e rea s  the 
p re se n ce  of tra c e  e lem en ts  w as a p robable re q u irem en t fo r  su c c e ss fu l 
exospo re  fo rm a tio n .
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(i ) G enera l introduction
C e llu la r  m o rp h o g en e sis , d iffe ren tia tio n  and developm ent have been 
widely s tu d ied  in both p ro c a ry o te s  (Donachie e t a l . . 1973; S hapiro  e t  a i . ,  
1971; K im b e r lin - H a r i r i  e t  a l . . 1977) and eu c a ry o te s  (M itch ison , 1969; 
G arrod  and A shw orth , 1969; Gurdon and W oodland, 1968; G urdon, 1974). 
Living c e l ls ,  w h e th e r they function as  u n ic e llu la r  o rg a n ism s  o r  a r e  
com ponents of com plex  t is s u e s  and o rg an s  a r e  no t s ta t ic  u n its  but can 
change m o rp h o lo g ica lly , adap t to en v iro n m en ta l cond itions by b iochem ica 
a lte ra tio n  , o r  e x p re s s  d iffe ren t functions a t d iffe re n t t im e s  in th e  life 
cy c le . T h e  b io c h e m is try  of d iffe ren tia tio n  and its  c o n tro l in h ig h e r 
o rg an ism s h as  p ro v ed  p a r tic u la r ly  d ifficu lt to study , la rg e ly  a s  a r e s u l t  
of the fac t th a t m any of the b io log ica l a sp e c ts  of such o rg a n ism s , 
p a r t ic u la r ly  a t the c e llu la r  level, a r e  s t i l l  poo rly  u n d e rs to o d . A 
re a so n a b le  u n d ers tan d in g  of th e se  p ro c e s s e s  is of p a ra m o u n t im p o rtan ce  
to  the n u m ero u s  facets of m ed ica l physiology ( i . e .  sp e rm a to g e n e s is ,  
o o g en esis , em bryo logy  and tum our tis su e  g ro w th to n a m e  bu t a fe w ). 
U n rav ellin g  the co m p lex  m ech an ism s involved in the developm en t of a 
hum an being  and th e ir  c e llu la r  co n tro l is obviously  the u ltim a te  g o a l. 
Homo sa p ien s  . ho w ev er, m ake a r a th e r  poo r m odel sy s te m  and the  
o rg an ism  d o e s n o t lend itse lf  e a s ily  to experim en ta tion  ! In g e n e ra l  the 
'lo w e r ' the  o rg a n ism  th e  m o re  is known about its  m o le c u la r  b io logy . It 
m igh t be a rg u e d , th e re fo re , th a t a fu lle r  understand ing  of the re g u la to ry  
m e ch a n ism s o f d iffe ren tia tin g  p ro c a ry o tic  c e lls  m ay p ro v id e  p e r tin e n t 
in fo rm ation  about the p r in c ip le s , if  not the p ro c e s s e s  of m o rp h o g en e sis  
and d iffe ren tia tio n  in e u c a ry o te s . Bonner (1973 ) ,  how ever, c o n s id e rs  
s tu d ies  of d iffe ren tia tio n  in 'lo w e r ' o rg an ism s to be vr lid only to w ard s  t  
g r e a te r  u n d ers ta n d in g  of the p ro c e s s e s  in th ese  o rg a n ism s  , and qu es tio n s 
th e  re le v a n c e  of such  ex tra p o la tio n s , a rgu ing  th a t the d iffe ren ce  between 
p ro c a ry o tic  and eu c a ry o tic  c e lls  re f le c ts  a b as ic  d iscon tinu ity  in c e llu la r  
evo lu tion . Although re la tiv e ly  few b ac te ria  c a r r y  out a w e ll defined 
m o rp h o g en esis  o th e r  than c e ll  division during  th e ir  n o rm a l life  c y c le s , 
su c h  d iffe ren tia tio n  p a tte rn s  can  be ca teg o rized  acco rd in g  to th e ir  
inducible o r  ob lig a to ry  n a tu re . Such changes m ay be un d er en v iro n m en ta l
4,
co n tro l as in som e b a c te r ia , e . g . en d o sp o re  fo rm ation  in Bacillus 
(Sudo and D w orkin, 1973) , w h ereas in o th e r s  m orp h o g en e tic  even ts 
a re  an ob ligate p a r t  of the c e ll  cyc le  and o c c u r  in a  f ixed  tem p o ra l 
sequence independent of grow th cond itions, e . g . m o rp h o lo g ic a l a l t e r ­
a tions in C au lo b acte r such a s  s ta lk , pi 11 an d  flag e lla  fo rm a tio n  
(Shapiro> 1976).
( ii)  M odel sy s te m s  of in c re as in g  co m p lex ity
To be a u se fu l m odel sy s tem  fo r ce ll d eve lopm en t, a b ac te riu m  m u st 
obey the following c r i t e r i a : -
(a ) P o ssess  a s im p le  and w ell defined life  cyc le  
(b) Be eas ily  sy nch ron ised
(c ) Be able to g ro w  on defined m edia so th a t  b io c h em ica l events can be 
c o rre la te d  w ith  m orpho log ical developm ent 
(d ) Be am enab le to gene tic  m anipulation
B acteria th a t fu lfil these  c r i te r ia  inc lude E sc h e r ic h ia  c o li. B acillus 
su b tilis  and C au lobacte r c r e s c e n tu s . An in c re a s in g  d iv e rs i ty  of 
d iffe ren tia tion  is re v e a ls  in th is s e r ie s :  E sc h e r ic h ia  c o l i -* Bacillus 
su b tilis  — Rhodopseudom onas acidophila — R hodopseudom onas p a lu s t r is  — 
R hodotnicrobium  v an n ie lii. which is w orthy of d iscu ssio n  and p ro v id es  a 
u se fu l illu s tra tio n  of so m e o f  the d iffe ren tia tio n  p a t te rn s  a v a ila b le .
E . c o l i . a rod  shaped , G ram  negative , non -pho tosyn the tic , facu lta tiv e  
anaerobe , is p e rh a p s  the m ost widely s tu d ied  of a ll b a c te r ia .  T he 
tran s itio n  of an E . co li F c e ll  to a p ilia ted  F"1" c e ll by th e  acquisition  of 
an F ep isom e s e rv e s  as  a s im p le  exam ple of lo c a lised  m o rp h o g en esis  which 
is  independent of th e c e ll  cyc le  (Valentine e t  a l . . 1969), w h e rea s  f lag e lla  
fo rm ation , which ap p e a rs  to be sen s itiv e  to  c a ta b o lite  r e p re s s io n ,  is an 
exam ple of inducible m orphogenesis (D obrogosz and H am ilton , 1971;
Yokoto and G ots 1970). T he m orphogenetic  capac ity  o f th is o rg an ism  
has been stud ied  by converting  the rod shaped  c e lls  into sp h e re s  (L. fo rm s )  
by the u se  of a n tib io tic s  , and observ ing  w h e th e r the c e lls  p o s s e s s  the 
ab ility  fo r sp h e re -ro d  m orphogenesis (Goodell and S chw artz , 1975).
L fo rm s have been observed  to rep roduce by budding o r  m u ltip le  fiss io n , 
and re v e rs io n  back to the n o rm al fo rm  a p p e a rs  to be in fluenced  by
D.
en v iro n m en ta l cond itions (Sm ith, 1969). D uring the n o rm a l  cy c le , 
how ever, the only defined m o rp h o g en esis  is c e l l  d ivision w hich p ro ce ed s  
by b in a ry  t r a n s v e r s e  fission  (G illeland and M urray , 1975).
B acillus su b tilis  p e rh a p s  lends its e lf  b e tte r  to w ork on c e llu la r  
d iffe ren tia tio n  than E . c o li. T h is  o rg an ism  is a s tr ic t ly  a e ro b ic , G ram  
p o sitiv e ,ch e m o h e te ro tro p h ic  ro d  which d iv ides by b inary  f is s io n .  H ow ever 
u n d er c e r ta in  cond itions it can p re s e n t  itse lf  a s  a com plex  d iffe ren tia tin g  
sy stem  (Hansen e t  a l . . 1970; F re e s e ,  1972; S zu lm a js te r , 1973; Dawes 
and H ansen , 1972). T he developm ent of an endospo re  o c c u rs  in a 
com plex  m o rp h o lo g ica l sequence (F ig . 1 .1 )  sh o rtly  a f te r  th e  c e lls  e n te r  
the s ta tio n a ry  p h ase  of g row th  and begins with the a p p e a ra n c e  of a 
re la tiv e ly  tra n s p a re n t  fo re sp o re , the form ation  of which is  p re c e d e d  by 
c h a ra c te r is t ic  n u c le a r  changes . T he p a ir  of nucleo ids in th e  v eg e ta tiv e  
c e ll can be seen to  fuse  to g ive  a rod  shaped s tru c tu re , w hich then 
d iv ides, p a r t  of the  DNA en te rin g  the developing sp o re  and p a r t 
rem a in in g  in the sp o ran g iu m . D ivision of the ro d  shaped n u c leu s  is 
accom pan ied  by unequal c e ll  d iv is ion , and a new septum  g ro w s  a c ro s s  
the w all n e a r  one p o le , se g re g a tin g  in the s m a lle r  c e ll  a co m p le te  
genom e. T h e  newly fo rm ed  sep tum  then grow s back a round  the  p o le  of 
the s m a lle r  ce ll, w hich becom es cu t off from , and co m p le te ly  enc lo sed  
by, the la rg e r  c e ll .  Once com p le te ly  enclosed  by the la rg e r  c e ll ,  the 
fo re sp o re  develops rap id ly  into a m a tu re  endospore by the fo rm a tio n  of 
s e v e ra l o u te r  la y e rs  w hich include the co rte x  and sp o re  c o a t.  T he 
cy to lo g ica l tra n sfo rm a tio n s  a r e  accom panied by a lte ra t io n s  in the 
ch em ica l and enzym atic  com position  of the c e ll .  T he sp o re  co a t h a s  a 
d iffe ren t com position  from  the vegeta tive  c e ll  w all and co n ta in s  ca lc iu m  
d ip ic o lin a te . E nzym e a c tiv itie s  a r e  a lso  m arked ly  d iffe ren t fro m  those 
found in the vege ta tive  c e ll .  T h is  change is believed to be b ro u g h t about 
by the ex p re ss io n  of new c la s s e s  of g en es during sporu lation  and the 
su p p ress io n  of v ege ta tive  g en e s , and is  d isc u sse d  la te r .  T h e  d if fe re n t­
iation of a  v eg e ta tiv e  c e ll  into a sp o re  is an exam ple of r e v e rs ib le  
d iffe ren tia tio n , the re v e rs io n  of w hich is c h a ra c te r is e d  by the  te m p o ra l 
sequence o f m orphogenetic  even ts o ccu rrin g  during  g e rm in a tio n . T h is
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F ig . 1- 1
M orphological changes a s so c ia te d  with the s ta g es  of sp o ru la tio n  (a fte r 
P iggot and C oote( 1976).
0 V egetative c e ll .  P air of n u c leo id s .
1 Condensation of nucleo id s.
II D ivision of nucleo id s. Septum com p le tio n .
HI F o rm ation  of p ro to p la s t within m o th e r  c e ll .
IV P rim o rd ia l g e rm  ce ll w all and c o r te x  deposition .
V -V I Spore m a tu ra tio n .
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can  be tr ig g e re d  , L e .a c tiv a te d , by h ea t shock , m e ch a n ica l tre a tm e n t 
(C urran  and E vans, 1945; F itz -Ja m e s , 1955; Levinson and W rigley , I9 6 0 ), 
and ch e m ic a ls  such as  ethano l, u re a -m e rc a p to e th a n o l, a s  w ell a s  v a rio u s  
ac id s  and a lk a lis  (Levinson and H yatt, 1964, 1969; Keynan e t a l . 1964; 
S o m erv ille  e ta L  , 1970). Subsequent g erm in atio n  is  c h a ra c te r is e d  by a 
s e r ie s  of un ique s t r u c tu ra l  and p h ysio log ica l c h a n g es . Both hea t 
re s is ta n c e  and r e f ra c t i l i ty  o f the sp o re s  is lo s t, but the  ab ility  to a b so rb  
s ta in  is re c o v e re d . T h e se  a l te ra t io n s  occu r v e ry  ra p id ly  and a re  
accom pan ied  by the d isa p p e a ra n c e  of the c o r te x  and the  lib e ra tio n  of 
so lub le  o rgan ic  m a te r ia l s  including d ip ico lin ic  ac id , p ro te in s , p ep tid es  
and m u co p ep tid es . If the n u tr ie n ts  n e c e s s a ry  fo r  g ro w th  a r e  p re se n t 
g e rm in a tio n  is follow ed by the conversion  of th e  sp o re  back into a 
v ege ta tive  c e ll ,  and a f te r  about 30 min the o u te r  sp o re  co a t ru p tu re s  and 
a v eg e ta tiv e  c e ll  e m e rg e s .
A lthough E , co li and B. su b tilis  a r e  p e rh a p s  the b e s t  u n d ersto o d  
b a c te r ia  in te rm s  of m o le cu la r  biology, o th e r  re la tiv e ly  neg lec ted  b a c te r ia  
w ith com plex  fine s tru c tu re s  and m orpho log ically  d is t in c tiv e  c e ll cy c le s  
ap p e a r to have f a r  g r e a te r  p o te n tia ls  a s  m ode ls  fo r the study  of m o rp h o ­
g e n e s is  and d iffe ren tia tio n . C e rta in  p u rp le  n o n -su lp h u r b a c te r ia  w hich 
re p ro d u ce  by budding p ro v id e  m o re  d iv e rse  m odel s y s te m s .  Such 
o rg an ism s have been w idely  rev iew ed  (Conti and H irsc h , 1965; Schm idt, 
1971; S ta ley ,i9 7 4 ;H irsch , 19 72 ,1974^Vhittenbury and Dow, 1977). In e s se n c e  
a l l  budding b a c te r ia  have adopted ob ligate a s y m m e tric  p o la r  g row th  and do 
not d iffe r  fundam entally  fro m  o th e r  b a c te ria  in r e s p e c t  of c e il  w all g ro w th .
B a c te ria , by defin ition , d iv ide by f is s io n , and th is  is  p reced ed  by 
d is t in c t c e ll  w all g row th w hich in c re a se s  the length o r  d ia m e te r  of the 
c e lls .  Bud fo rm ation  p r io r  to fiss ion  is a sp e c ia l c a s e  of w all g row th and 
can be d esc rib ed  a s  fo llow s. T he p a re n ta l w all is locally  w eakened, 
allow ing w allan d  m em b ran e  g row th  in th a t r e s t r ic te d  re g io n . C onsequently 
v ir tu a lly  a l l  of the w all and m em brane  of a daugh ter c e l l  is  o f newly 
sy n th e s ise d  m a te r ia l .  T h e  new c e ll  is fo rm ed  a t  a sp e c if ic  location on the 
su r fa c e  of the m o th er c e ll, e i th e r  d ire c tly  from  the p o le  of the m o ther c e ll  
a s  in R hodopseudom onas ac idoph ila  o r a t the end of a tube which has f i r s t  
been fo rm ed  by the m o th er c e l l  a s  in Rhodopseudom onas p a lu s tr is  and 
R hodom icrobium  v an n ie lii.
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F ig . 1 .2
D iagram m atic  re p re se n ta tio n  of c e ll  w all g row th  p r o c e s s e s .
(■A) In te rc a la to ry  grow th of E . c o l i . Short g en e ra tio n  tim e  (less
than 40 m in ) .
(®) P olar g ro w th  of E . c o l i . Long g en e ra tio n  tim e  (g re a te r  than
60 m in ).
(C ) Obligate p o la r  grow th of the 'budding ' b ac te riu m
R hodom icrobium  vann ie lii.
9.
E ach m o th e r c e ll  p ro d u ce s  s e v e ra l buds, one a f te r  th e  o th e r, and can 
be co n s id ered  to undergo  a p ro c e s s  of aging s in c e  it  can only g ive  r is e  
to a c e r ta in  num ber of o ffsp ring  (W hittenbury and Dow, 1977). T h is , 
how ever, is not the c a s e  w ith E . co li and o th e r  ro d  shaped  b a c te r ia  which 
n o rm ally  grow  from  m u ltip le  grow th po in ts along th e  envelope approx im ating  
to in te rc a la to ry  grow th (Beachey and C ole, 1966; D onachie and Begg, 1970;
A u tis s ie r  e t  a l . , 1971). H ere  the two p ro g en y  c e l ls  a r e  o f equal age and 
s in ce  one cannot be c o n s id e red  to  be o lder than the o th e r , K_e. th e re  is an 
equal d is trib u tio n  of old and new  m a te r ia l,  su ch  c e l ls  a r e  th e re fo re  
im m o rta l. N e v e rth e le ss , p o la r  grow th of E . c o li h as  been d em o n stra ted  
(Donachie and Begg, 1970; Donachie e t a l . .  1973). In m in im al m edium  
with a generation  tim e of 60 m inu tes, E . c o l i w ill ex tend  only fro m  one 
p o le . The only d iffe ren ce  between budding b a c te r ia  and E . coli in this 
re s p e c t  is that in budding b a c te r ia  div ision  is u su a lly  a sy m m e tric  (F ig . 1 .2 ) .
In both R , acidophila  and R. p a lu s tr is  r ep roduction  is by the form ation  
m o tile  sw arm  c e l ls .  T h is  is ob liga to ry , and consequen tly  th e se  o rg an ism s 
have a d im orphic life c y c le . R m , v an n ie li e x h ib its  g r e a te r  c e llu la r  
com plexity  and h as  a po lym orph ic  grow th c y c le , the v eg e ta tiv e  m other 
c e lls  giving r i s e  to e i th e r  a ttached  m o ther c e l ls ,  sw arm  c e lls  o r  exo- 
sp o re s .
R . actdophiia has the s im p le s t life cyc le  of the budding p u rp le  non ­
su lp h u r b a c te ria  (Pfennig, 1969) (F ig . 1 .3 ) .  T h e  c e lls  a r e  ro d  shaped o r 
ovoid, 1 .0  - 1 .3  u,m w ide and 2 - 5  nm  long, and ro s e t te s  o r  clum ps of 
p o la riy  agg regated  c e lls  a r e  often o bserved . T h e  sw arm  ce lls ,w h ich  
d iffe ren tia te  into m o th e r c e lls ,  a r e  ovoid and m o tile  by m eans of subpo la r 
flage lla  bundles (T au sch e l and H oeniger, 1974), D uring the developm ent 
of a sw a rm e r  the flag e lla  a r e  shed and ho ld fast m a te r ia l  is  se c re te d  a t 
the sa m e  p o le . A com plex  in te rn a l m em brane sy s te m  develops, p robab ly  
as  a r e s u l t  of the cy top lasm ic  m em brane invaginating  and folding back on 
itse lf  rep e a te d ly . H oldfast developm ent is follow ed by p o la r  grow th and 
the form ation  of a s e s s i le  bud, which develops a f lag e lla  bundle and g ives 
r i s e  a t  division to a m o tile  sw arm  c e ll .  C onsequently , a t division two 
m orpho log ically  d is s im ila r  c e lls ,  one b earing  a ho ld fast and the o ther ?4)
f lag e lla , a r e  fo rm ed .
10.
The seq u en ce  of even ts in R . p a lu s tr is  a r e  s im ila r  to  those  d esc rib ed  
fo r R . ac id o p h ila . but of s lig h tly  in c re a se d  com plex ity  (W hittenbury and 
M cLee, 1967; W estm aco tt, 1975). A tube of s lig h tly  s m a lle r  d ia m e te r  
than the c e l l  body develops a t  the  po le  opposite the s ite  o f ho ld fast 
fo rm ation  (fo rm erly  the s i te  of f lag e lla  a tta c h m e n t) . Subsequent 
daughter c e llfo rm a tio n  (ovoid> p o la rly  f lag e lla ted  sw arm  c e l ls )  o cc u rs  
a t the end of th is s tru c tu re  by budding . T he te m p o ra l seq u en ce  of events 
is d e sc r ib e d  in F ig . 1 .4 .
One of the m o st com plex  m ode ls  av a ilab le  fo r studying m orphogenesis  
and d iffe ren tia tio n  in p ro c a ry o te s , and the su b je c t of th is  th e s is  is 
R hodom icrobium  v an n ie lii. a p u rp le  n o n -su lp h u r b a c te riu m , which 
exhibits a  po lym orphic life cy c le  (Dow, 1974; W hittenbury  and Dow, 1977)
(F ig . 1 .5 ) .
E a r ly  r e p o r ts  of the m o rp h o lo g ica l and developm enta l c h a ra c te r is t ic s  
p re se n ted  a com plexand  am biguous p ic tu re . T h is  organ ism , which 
rep ro d u ce s  by budding in the sa m e  w ay as the non -photosynthetic  
H yphom icrobium . was f i r s t  iso la ted  and d e sc r ib e d  by Duchow and D ouglas,
(1949). On the g rounds of the ap p a ren t m orpho log ical s im ila r i t ie s  to 
H yphom icrobium  (van N iel, 1944). it was c la s se d  in the fam ily  
H yphom icrob iaceae. u n d er the nam e of Rhodom icrobium  vannielii (Duchow 
and D ouglas, 1949; D ouglas, 1957). Physio log ically , how ever, th ese  two 
o rg an ism s a r e  qu ite  d is tin c t. H yphom icrobium  is  an a e ro b ic  chem o- 
organo troph  w h ereas  R hodom icrobium  is an anaerob ic  pho toorgano troph . 
D iffe ren ces in g ro s s  m orphology and u i t r a s tr u c tu r e  a lso  e x is t .  C onsequently 
R hodom icrobium  is  now c la sse d  in the fam ily R h o d o sp irilla c e a e . (Pfennig 
a n d T r u p e r ,  1971), fo rm e rly  the A th io rhodaceae.
T ue re p ro d u c tiv e  m echan ism  of Rm  vannielii and the accom panying 
n u c lea r changes w e re  f i r s t  d esc rib ed  by M u rray  and D ouglas (1956).
M otility  in th is  o rg an ism  w as no t o bse rved  u n til Douglas and Wolfe (1959) 
found that su b stitu tin g  sodium  la c ta te  fo r  ethanol a s  the carbon  so u rce  not 
only in c re a se d  the grow th r a te ,  but gave  r is e  to coccoid  p e r itr ic h o u s ly  
flage lla ted  c e l ls  in young c u l tu re s . T h sir  developm ent and ro le  in the 
grow th cy c le  was no t e s tab lish ed  a t th a t tim e. G orlenko (1969,porienko e ta  1.(1974) 
observed  th a t R hodom icrobium  K 1. a s tra in  physio log ica lly  and m o rp h o ­
logically s im ila r  to Rm v an n ie lii.fo rm s la rge num bers of unattached
» ir
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D iagram m atic  re p re se n ta tio n  of the R hodom icrobium  c e ll  cy c le .
m e m u ltic e llu la r  a r r a y  J 
(m icroco lony) 1
sp ex o sp o re  1
s sw arm  ce ll 1
f f lag e lla  1
bf bud form ation  1
ts tube sy n th esis  1
m m o th e r ce ll 1
d d augh ter c e ll r  Ji 1
P c r o s s  w all 'p lug '
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an g u la r c e lls  w hich, b e c au se  of th e ir  o p tica l p ro p e r tie s ,  th e i r  reduced  
p e rm e ab ility  to dyes and th e i r  th e rm o stab ility , he ca lled  e x o s p o re s .
[E x o sp o re  a n d c y s t p roduction  by budding from  a m o th er c e l l  has a lso  
been ob se rv ed  in two sp e c ie s  of m ethane oxidising  b a c te r ia  (W hittenbury 
e t a l . , 1970)]. T he p roduction  of these  re s tin g  c e lls  by R m  vannielii 
both an a e ro b ic a lly  in th e  ligh t and ae ro b ica lly  in the dark  in a s ta tio n a ry  
p h ase  c u ltu re , has been r e c e n tly  re p o rte d  by G orlenko e t a 1., 1976.
As w ell a s  the m o rp h o lo g ica l changes in Rm v an n ie lii. m any of the 
u l t r a s t r u c tu r a l  fe a tu re s  h av e  a lso  been es tab lish ed  (Boatman and D ouglas,
1961; C onti and H irsch , 1965; T re n tin i and S ta r r , 1967). M ore re c e n tly  
how ever, a co n s id e rab le  am o u n to f w ork has been p e r fo rm e d  on Rm 
v an n ie lii. and a new iso la te  designated  Rm 5. w hich is in d is tin g u ish a b le  
fro m  Rm vann ielii (Dow, 1974). Rm 5 is the su b jec t of th i s  th e s is , and 
w ill be d esc rib ed  fully l a te r .  A t p re s e n t  it is su ffic ien t to  sa y  tha t it 
m akes an ex ce llen t m odel sy s te m  fo r the study of c e llu la r  m o rp h o g en e s is  
and d iffe ren tia tio n  (W hittenbury  and Dow, 1977). O b liga te d iffe ren tia tio n  
p a tte rn s  a r e  ap p a ren t,b u t in addition Rhodom icrobium a lso  p o s s e s s e s  the  
ab ility  to  undergo  a t le a s t two fo rm s  of inducible d iffe re n tia tio n , sw arm  
c e lls  and ex o sp o re s , w hich  is unusual and very  appealing . E n v iro n m en ta l 
co n tro l of th is inducible d iffe ren tia tio n  h as  been im p lica te d . In p a r t ic u la r ,  
n u tr itio n a l co n tro l of sw a rm  c e ll  p roduction  by Rm v an n ie lii w as im plied  
s in ce  m o tile  sw arm  c e lls  w e re  not o bse rved  when c u ltu re s  w e re  grown on 
m edium  contain ing  e thano l a s  carbon  so u rc e  (Duchow and D cu g la s , 1949), 
but ap p e a red  when th is  w as rep la ce d  by sodium  lac ta te  (D ouglas and W olfe 
1959). Such ev idence how ever is a t  b es t c irc u m s ta n tia l. M o re  recen tly ,G orlenko  
e t a l . (1976) have s ta te d  th a t any deviation of en v iro n m en ta l conditions 
fro m  o p tim al ( in c rea se  of lig h t in tensity , changes in pH, a e ro b ic  dark  
cu ltivation  ) led to com plete  o r  p a r tia l  inhibition of m otile  sw a rm  c e ll  
p roduction , but tha t such cond itions stim u la ted  sp o ru la tio n . In e a r l ie r  
w ork , G orlenko  (1969) a lso  suggested  that o ther p robab le  f a c to rs  
a ffec tin g th e  form ation  of sp e c ia lise d  c e lls  a r e  s u b s tra te  co n cen tra tio n , 
accum ulation  of m etabolic  p ro d u c ts  and population density . C le a rly , the 
fa c to rs  re sp o n s ib le  fo r the induction of sp ec ia lised  c e lls  in R h odom icroblum  
have not been pinpointed 1 C lo se r  and m o re  exacting in v estig a tio n s a re  
w a rra n te d .
14.
( i i i )  E nv ironm en tal co n tro l of d iffe ren tia tio n
Investigations of thegene tic  c o n tro l m e ch a n ism s which o p e ra te  in 
m ic ro b ia l c e lls  ind icate th a t en v iro n m en ta l fa c to rs  can , and do, influence 
g e n e  ex p re ss io n  (Zubay e t a l . .  1970; T ra v e r s  e t a l . .  1970). T he 
s tim u la tio n  of d iffe ren tia tion  by en v iro n m en ta l f a c to rs  has been 
in v estig a ted  in a wide ran g e  of p ro c a ry o te s  and e u c a ry o te s . Knowledge 
is  lim ited , and in m ost c a s e s  th e  iden tifica tion  of th e  ac tu a l e x te rn a l 
f a c to rs  re sp o n s ib le  has proved  d ifficu lt and e lu s iv e . Often it is im p o ssib le  
to  d istinguish  b e tw e e n 'c a u se ' and 'e f f e c t '.  When o n e  c o n s id e rs  the 
in fluence of the env ironm en t on c e l lu la r  e x p re ss io n , the p ro c e s s  of 
spo ru la tio n  im m edia te ly  sp rin g s  to m in d . Spore fo rm ation  is looked 
upon a s a  p r im itiv e  form  of c e llu la r  d iffe ren tia tio n , and it has  s e v e ra l  
f e a tu re s  in com mon with c e llu la r  developm ent in h ig h e r  o rg a n ism s .
The b io log ica l ro le  of en d o sp o res  is  s t i l l  unknown , but sp ecu la tio n s 
h av e  riot been lack ing . Many of the e a r l i e r  su g g estio n s have been rev iew ed  
by K naysl (1948), F o s te r  (1956)and  M u rre ll  (1961 ). One in te rp re ta tio n  
is  that the ce ll re c o g n ise s  an un favou rab le  en v iro n m en t and in o rd e r  to 
su rv iv e , it fo rm s  an en d o sp o re . It h a s  a lso  been concluded th a t it is 
e x tre m e ly  likely  tha t sp o re s  r e p r e s e n t  a s tage  in the  life cyc le  th a t allow s 
c e r ta in  b a c te ria  to  bypass unfavourab le  conditions (Cook, 1932).
O bjections to th is  ro le  have been r a is e d  and m odifications have been 
p re se n te d  (Knaysi, 1948 ¡B isse t, 1950) and d isc u sse d  (M u rre ll, 1961; 
L am anna, 1952). B ernlohr and L eitzm ann (1969) have suggested  tha t 
th e  m echanism  ju s t  s e rv e s  to put the c e l l  into a new env ironm en t. Since 
g row th  cannot take p lace w here  the sp o re  is fo rm ed , sporu lation  allow s 
th e  c e ll to w ait fo r  m o re  favou rab le  conditions o r to be tra n sp o rte d  to 
th e m  and th is  g iv e s  it a se lec tiv e  advan tage. T h re e  ro le s  assig n ed  to 
s p o re s  (Sussm an and H alvorsen , 1966; Sussm an, 1969) and g en e ra lly  
accep ted  can be su m m arise d  as  enhancem ent of su rv iv a l p o ten tia l 
d issem in a b ility  and co -ordination of developm ent when favourable 
cond itions r e tu rn .
Two ex te rn a l fa c to rs  considered  to b e  the m ost like ly  inducers of 
sp o ro g en e s is  a r e : -
15.
(a ) T he reduc tion  of the le v e l of grow th supporting  s u b s t r a te s  w hich 
r e p r e s s  sp o ru la tio n ;g lu c o se  dep le tion , (Schaeffer e t a l . , 1965;Dawes 
and M andelstam , 1970), phosphate  lim itation  (M acK echnie and H anson> 
1968) o r  am ino  acid  s ta rv a tio n  (Holm es and Levinson, 1 9 6 7 ). The 
reg u la to ry  ro le  of th ese  com pounds (e .g .  g lu co se  d ep le tion  d e re p re s s e s  
sporu lation  ) by ea ta b o lite  r e p re s s io n  w ill be d iscu ssed  l a t e r ,
(b) T he accum ulation  of c a ta b o lite s ; a low -m olecu lar w eigh t ninhydrin - 
negative  spo ru la tion  fa c to r  (produced in the p re sp o ru la tio n  p e r io d )  has 
been iso la te d  and p u rified  fro m  B. c e re u s  and B. s u b ti l is . T h e  addition 
of th is  fa c to r  to vegeta tive  c u ltu re s  m ay induce sp o ro g e n e s is  (S rin ivasan  
and H alv o rsen , 1963; S rin iv asa n , 1966). An unknown f a c to r  is ex c re te d  
into the m edium  by exponen tia lly  grow ing C lostrid ium  b u ty ric u m  which 
d im in ishes the grow th r a te  and induces sporu la tion  (B erg è re  and H erm iè re , 
1965).
N u tritio n a l con tro l of c e llu la r  d iffe ren tia tion  has been d e m o n s tra te d  in 
A zo tobsc te r v in e lan d ii. E n cy stm en t, the production of m e ta b o lic a l 'y  
d o rm an t re s t in g  c e l ls > s im ila r  to sp o re s , can be induced b y  u s in g  n -b u ty l 
a lcoho l, c ro to n a te  o r  8 -hyd roxybu ty ra te  as  carbon so u rc e s  (Lin and Sadoff, 
1968; H itchins and Sadoff, 1970). C alcium  ions a re  a lso  b e liev ed  to 
s tim u la te  th is  change of c e l lu la r  exp ressio n  (Page and S adoff, 1975).
T he C orynefo rm  b a c te riu m , A rth ro b a c te r  c ry s ta llo p o ie te s . a lso
. . . .  , , (Lucas and C la rk  1975)
exh ib its  cy c lic  m orpho log ical v a r ia tio n s  (c o c c u s /ro d ) /(F ig . 1 .6 ) .  Ensign
and W ol£(19ó4) developed a  s im p le  chem ically  defined m ed ium  that
r e s t r ic te d  g row th  to the cocco id  fo rm . Addition of L -a rg in in e , L -pheny l-
a lan in e , L - a sp a ra g in e , L -ly s in e , succ ina te , m ala te , fu m a ra te  o r
b u ty ra te  re su lte d  in the fo rm atio n  of a rod  shaped s ta g e . L uscom be and
G ray (1971 ), how ever , d em o n stra ted ,u s in g  continuous c u l tu r e  techniques,
th a t th is tran s itio n  was a d ire c t  r e s u l t  of the change in g ro w th  r a te  and
not sp e c if ic a lly  due to the p re s e n c e  of an environm ental t r ig g e r  com pound.
D uxbury and G ray  (1977) have o b se rv ed  that th is o rgan ism  m a y  be induced
to fo rm  en la rg ed , oval o r lemon shaped c e lls , ca lled  c y s t i te s  bygrow th
in m edium  contain ing  a v ery  high carbon to nitrogen ra tio .
(
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E n te ric  b a c te ria  have been stud ied  w ith  r e s p e c t  to  th e ir  r e sp o n se  to
en v ironm en ta l cond itions. Heavy m e ta l ions a t very  low co n cen tra tio n s
inhibit the m o tility  of E , c o li. Amino a c id s  and com pounds such as
ethy lene d iam ine te tra  ace tic  acid  (EDTA ), peptone, album in , m e rc a p to -
ethanol and oxalate  to nam e but a few re m o v e  the Inhibition and»
stim u la te  m o tility  by ch e la tin g  the heavy m e ta ls  (A dler and T em pleton , 
1967). T he behaviour of P ro teus on a g a r  p la te s  is p a r t ic u la r ly  in te re s tin g  
(H oeniger, 1964; Jones and P ark  ,1967h;Bisset,1950,1973;M orrison and Fcott, 
1966). It is com m only  believed tha t the fo rm a tio n  of co n cen tric  zones of 
grow th around  a po in t of inoculation by sw arm in g  s t r a in s  of P ro teu s is 
due to a rhy thm ic a lte rn a tio n  of elongated  m o tile  sw arm ing  b a c te ria  with 
s h o r te r , non -sw arm in g  ones a t  the lead ing  edges of the sw arm  colony.
Tne accep ted  physio log ica l explanation is th a t sw arm in g  is a dev ice to 
escap e  from  co n cen tra tio n s of toxic m e tab o lite s  p roduced  by grow th of 
the s e s s i le  s ta g e , and th a t the fo rm e r  r e v e r t s  to the la t te r  when the 
stim u lus is rem oved  (Hughes, 1957; G rabow, 1972). Jones and Park 
(1967b) investiga ted  the influence of m ed ium  com position  on the grow th 
and sw arm ing  of P ro te u s . Sw arm ing did n o t occu r on m in im al m edium  
a g a r  u n le ss  a lan ine , a sp a rag in e , a s p a r tic  ac id , g lu tam ic  a c id , g lu tam ine , 
p ro lin e  o r  se rin e  w ere  p re se n t e i th e r  individually  o r to g e th e r . They 
th e re fo re  concluded th a t the ab ility  of a com pound to sup p o rt sw arm ing  
w as c o r re la te d  w ith its  ab ility  to se rv e  a s  carbon  -en e rg y  so u rce  and 
w ith the stim ulation  of grow th r a te .
T h e  phenotype of the m orphologically  u nusua l A ncalom icrob ium . f i r s t  
d esc rib ed  by Staley (1968 ), v a r ie s  co n s id erab ly  acco rd ing  to the n u tr ie n t 
s ta tu s  of the grow th m edium . U nder conditions of low organic n u tr ie n ts  
(50 p g /m l and le s s )  the c e lls  e x is t a s  m u lti-appendaged  p ro s th ec a te  
b a c te ria ,w h e re a s  un d er conditions of high o rg an ic  n u tr ie n ts  (200 e g /m l 
and g r e a te r )  they ap p e ar as d is tin c tiv e  r o d s  (F ig . 1 .7 )  (Dow, 1974; Dow 
and L aw rence, 1977).
In the g lid ing  b a c te ria  M yxococcus xan thus and M yxococcus v ire sc e n s
n u tr itio n a lc o n tro l of c e llu la r  d iffe ren tia tion  has a lso  been es tab lish ed  
Dworkin and Sadler 1966;
(Dwork in and G ibson, 1964;/Parish e t a l . .  1976). Both o rg an ism s a r e  
ty p ica l m yxococci and on solid  m edia with low concen tra tions of n u trien t
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th e y c a n  form  fru itin g  bodies within w hich  the v eg e ta tiv e  c e lls  d if fe re n tia te  
to becom e m yxospo res (F ig . 1 .8 ) .  Such conversion  can  be ra p id ly  and 
synchronously  induced in liquid cu ltu re  b y  g ly c e ro l and  s e v e ra l  a lco h o ls  
(Dworkin , 1962; Dworkin and S ad ler, 1 9 6 6 ). T he p re se n c e  of the
- j j j
divalenc ca tions Mg and Ca is e s s e n t ia l .  The p r o c e s s  is r e v e r s ib le  
by the rem o v a l of the inducer and w ill o n ly  take p la ce  w ith exponen tia lly  
grow ing c e l l s . M yxosporefo rm ation  in S tig m a te lla  a u ra n t ic a . an o th e r  
m em b er of the M yxobacteriales. can be induced  by th e  addition of m o n o ­
valen t ca tions such as  Li+, Na+, NH^ , K+ and Rb to  suspension  
c u ltu re s  (Reiche.nbach and Dworkin, 1 9 7 0 ).
E n v iro n m en ta l v a r ia b le s  seem  to e x e r t  a p ronounced  effec t on the  
behaviour of the com plex  m u ltice llu la r  p ro c a ry o te s  o f th e  A ctinom ycètes 
and th is  topic has  been rec en tly  rev iew ed  by K alakoutsk i and A gre  (1976). 
G eoderm a tophi his (Luedem ann , 1968) g ro w s  in two fo rm s , a s  a n o n - 
m o tile , ir re g u la r ly  shaped agg regate  of co c co id  c e lls  (C fo rm ) and a s  a 
d im orph ic  budding rod (R fo rm ) (Fig. 1 . 9 ) .  M orphogenesis can be 
co n tro lled  by a fa c to r  in try p to se  which is  re q u ire d  fo r  m a in te n an c e  of 
the o rg an ism  in the C form  and fo r d iffe ren tia tio n  of th e  R fo rm  to the 
C fo rm  (Ishiguro  and Wolfe, 1970). S ubsequen tly ,du ring  w ork a ttem p tin g  
to identify  the try p to se  fac to r , it was found  th a t a v a r ie ty  of ino rgan ic
_j_|_ j j
ca tio n s (Ca , Mg and o rgan ic  n itro g en o u s  ra tio n s  ) w e re  ab le to c o n tro l 
m orphogenesis  (Ish iguro  and Wolfe, 1 9 7 4 ). T he la t te r  w ere  shown to 
r a i s e  the in tra c e llu la r  pH of the ce lls  and it  w as suggested  that th is  
enhanced a m etabo lic  event n e c e s sa ry  fo r  c e llu la r  d if fe re n tia tio n . R o b e rts  
(1964),w orking on D erm atophilus d e rm a to n o m u s , show ed that CC^ 
affec ted  both the grow th of the ac tin o m y cè te  and the m ovem ent of its  
z o o sp o re s . T he addition of sodium  and p o ta ss iu m  s a l ts  to the c u ltu re s  
po ten tia ted  the e ffec t of CC^ in stim u la tin g  hyphal g ro w th  and delaying 
sp o ru la tio n . One fu r th e r  exam ple of the e f fe c t of com plex  n u tr ie n t 
ad d itiv es  isg iven  in stud ies w ith N ocardia sp  721 -A. w hich fo rm s  c lu b lik e  
c e lls  on m edium  w ith  m eat e x tra c t. T h e se  c e lls , w hich undergo ir re g u la r  
se p ta tio n , d ono t ap p ear on n u tr ie n t ag a r a n d  m in e ra l syn the tic  m edia w ith 
g lucose o r  s a c c h a ro se  (Beaman and Shankel, 1969). Sporulation of 
S trep tom yces is believed  to be under en v iro n m en ta l c o n tro l and enhanced 
on s ta rv a tio n  m edia containing m in e ra l r a t h e r  than o rg an ic  so u rce s  of 
n itrogen  (Schneidau and Sfchafter, 1957;G ordon and M ihm , 1957).
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Phenotypic v a ria tio n s a s so c ia te d  with hTyxococcus
«*■*.*.._
19.
F ig . 1 .9
T he po lym orphic grow th cycle o f G eoderm a tophi lus s tra in  22-68 
(a fte r Ish igu ro  and W olfe> 1970).
M ain tenance of the C form  r e q u ir e s  the p re s e n c e  of a fa c to r  found 
in try p to se . A bsence of th is  fac to r  induces d iffe ren tia tio n  to  th e  R fo rm . 
M onovalent and divalent inorganic c a tio n s  (Na+t N H +( Ca++> M g"^) as 
w ell a s  o rg an ic  n itrogenous ca tions (m ethy lam ine h y d ro c h lo rid e )  induce 
R fo rm  to C fo rm  m orphogenesis and m ain ta in  the  o rg a n ism  in the C fo rm .
« <r
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T he m orp h o lo g ica l c e l l  types and com plex ity  of life cy c le s  in the 
filam en to u s  cy an o b ac te ria  (blue g ree n  a lg a e )  a r e  of the  m o st d iv e rse  
am ongst p ro c a ry o tic  o rg a n ism s . T he m a jo r  d iffe ren tia te d  c e ll  types 
tha t o cc u r a r e  ak ine tes ( re s is ta n t c e l ls )  and h e te ro c y s ts  (sp ec ia lised  
c e lls  b e liev ed  to be the s i te s  of n itrogen  fixation ). T h e  effec t of 
e n v iro n m en ta l conditions on the m orphology of the cy anobac te rium  
C h lo rog loea f r i t s c h iih a s  been stud ied  (Evans e t a l . .  1976) and it w as 
found th a t the av a ilab ility  o f reduced  carbon  s u b s tra te , light, n itrogen  
and te m p e ra tu re  a ll c a u se d  a lte ra tio n  in c e llu la r  e x p re ss io n . H ere  the 
two m a jo r  c e l l  types w e re  ir re g u la r  clum ps of c e lls  (a s e r ia te )  and 
filam en ts  (F ig . 1 .1 0 ) . in photoautotrophic cond itions, the fo rm e r  
p red o m in a ted  during  exponentia l g row th a t 34° C. T h e  p re se n c e  of 
su c ro se  im posed  a s e r ia te  m orphology in both pho to troph ic  and h e te ro -  
tro p h ic  c u l tu r e s . T he developm ent o f h e te ro c y s ts  follow ed deprivation  of 
n i t r a te ,  it is  thought tha t the d iffe ren t c e ll  types o b se rv e d  a re  b e tte r  
d esc rib ed  a s  the p ro d u c ts  of p a r tic u la r  en v ironm en ta l conditions than as 
s tag es in an o rd e r  of developm ental seq u en ce . H e te ro cy s t fo rm ation  in 
Anabaena cy lin d rica  is induced when cultures a re  d ep rived  of fixed 
n itrogen  (Fogg, 1949). M ore re c e n tly , how ever, B rad ley  and C a rr  
(1977) have d em o n stra ted  the n e c e ss ity  fo r ligh t as  an in itia l tr ig g e r  fo r  
h e te ro c y s t developm ent in th is o rg an ism .
Fungi, w hich  e x is t in two m orpho log ical fo rm s , p ro v id e  a popular 
and u se fu l sy s te m  in w hich to study the b iochem ica l b a s is  fo r  vegeta tive 
d iffe ren tia tio n , the n a tu re  of the the change and its reg u la tio n . The 
e n v iro n m en ta l influence am ongst th e se  s im p le  e u c a ry o te s , and in 
p a r t ic u la r  y e a s t,  has been widely docum ented (B art.n ick i-G arcia and 
M cM urrough , 1971). Spontaneous m orpho log ical changes o cc u rrin g  within 
a y e a s t colony over a so lid  su b s tra te  u sua lly  r e s u l ts  from  m odifications 
in the en v iro n m en t caused  by the y e a s ts  th e m se lv es . When Candida 
a lb icans is g row n on so lid  m edium  w ith g lucose  as  so le  carbon s o u rc e ,  
co lon ies a r e  in itia lly  com posed  of typ ica l y ea s t c e lls  which rep ro d u ce  
by fo rm ing  b uds. (The buds en large un til they a re  a lm o s t equal in s iz e  to 
the m o th e r c e ll ,  nuclea r division o cc u rs  and then a c ro s s  W'all is fo rm ed ■
between the two c e l ls ) .  L a te r , how ever, ex tensive filam entation  (highly
type C
D iagram m atic su m m a ry  of the m orpho log ica l v a ria tio n s  induced in
Chlorogloea f r i t s c h i i  by d iffe ren t environ m en ta l s tim u li (a f te r  E vans e t a l .
1976).
M orphological c e ll  types
Type A : L arge g ra n u la te d  c e lls  (2 x 3pm )ex isting  e i th e r  sing ly  o r  as
clum ps con tain ing  two o r  m o re  ce lls  w hich a r i s e  from  division 
in up to  th re e  p la n es .
Type B: A seria te^  la rg e  ir re g u la r  c lum ps su rro u n d ed  by a m ucilag inous
shea th .
Type C : Short f i la m e n ts  of sm a ll (1 p m ) c e lls .
Type D : L a rg e r  c e l ls  than type C (1 .5  p m ) and found in filam en ts  in
the p r o c e s s  of dividing.
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elongated  c e lls  and d is tin c t hyphal fo rm s ) due to  im p a irm en t of the 
div ision  p ro c e s s ,  becom es a p p a re n t around  the p e r ip h e ry  of the colony 
(F ig . 1 .1 1 ) .  T h is  isp roduced  in re sp o n se  to a l te ra t io n s  in the 
com position  of the m edium  by the m etabo lic  a c tiv i tie s  o f the y ea s t 
i ts e lf . T h e  substitu tion  of a le s s  re a d ily  u til iz a b le  carbon  so u rc e  to 
the m ed ium , su ch  as  g lycogen , r e s u l ts  in f ilam en ta tion  from  the 
beginning of cu ltiva tion  (N ickerson and M ankowski, 1953). H ow ever, th is  
can be p rev en ted  by the addition  of su lphyd ry l (-SH ) com pounds such as  
cy s te in e , g lu ta th ione o r  th iog lyco lla te  to the m ed ium . T he stim ulation  of 
h jdd ing  by -SH com pounds w as in te rp re te d  (N ickerson , 1948) a s  one 
h r th e r  in stance  of th e w id esp rea d  re q u ire m e n t of the -SH group  in the 
d ivision p ro c e s s e s  of living c e l ls .  Reduction b reak ag e  of c e ll  w all 
d isu lph ide links ca u se s  p la s tic is in g  of the c e ll w all favouring the y e a s t 
fo rm  of g row th  (F ig . 1 .1 2 ) .  Two o th e r  o b se rv a tio n s  p rov ided  additional 
suppo rt for the ro le  of the su lp h y d ry l-su lp h id e  b a lan ce  in the d im orphism  
of Candida a lb ic a n s . A ddition of se len ite  o r  te l lu r i te ,  both of which car. 
be in co rp o ra ted  into c e ll  w a ll p ro te in s , caused  a filam en tous m utan t of 
C . a lb ica n s to g row  y east lik e . It has  been suggested  th a t because  the 
se len h y d ry l o r  te llu rh y d ry l g ro u p s a r e  m o re  s ta b le  than su lphydry l g roups , 
they o ffse t the defic iency  of p ro te in  d isu lph ide re d u c ta se  p re s e n t  in the 
the filam en tous m utan t (N ickerson e t a l . . 1956). It w as a lso  observed  
that when the filam en tous m u tan t w as grown in su lphu r d efic ien t m edium  
its  c e llu la r  co n ten t of su lphu r d im in ished  and its developm ent w as m ainly 
in the y e a s t fo rm . It w as suggested  th a t u nder th e se  conditions re la tiv e ly  
few disu lph ide c r o s s  links would be fo rm ed  in the c e ll  w a ll and the low 
level of p ro te in -d isu lp h id e  re d u c ta se  p re s e n t  would be su ffic ien t to produce 
the deg ree  of c e llu la r  p la s tic ity  com patib le  with budding (F alcone and 
N ickerson , 1959).
C on tro l of d im orph ism  in Candida a lb icans by zinc has a lso  been 
o b se rv ed  (W idra, 1964). Zinc d efic ien t c u ltu re s  co n s is t a lm o s t en tire ly  
o f 'filam en tous ' c e l ls  hut the p ropo rtion  of 'y e a s t ' c e lls  in c re a se s  with 
in c re as in g  co n cen tra tio n s of z in c . T he p a rtic ip a tio n  of zinc in th is way 
has a lso  been ob se rv ed  in H istop lasm a capsu la tum  (Pine and Peacock, 1958)
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YEAST FORM FILAMENTOUS FORM
F ig . 1 .1 1
Y east and f ila m en to u s  ex p re ss io n  of Candida a lb ic a n s . S im ila r  phenotypic 
varia tion  is a s so c ia te d  w ith M ucor ro u x ii.
g lucose  -m an n o se -p ro te in
I
S
Is
, I
g lucose -m annose -p ro te in
RIGID C E L L  WALL FABRIC
FPH
D isulphide r e d u c ta s e ' 
(a flavop ro te in  ).
g lu c o se -m a n n o se -p ro te in  
SH 
SH
I
g lu co se  -m annose -protein
DEFORMABLE C E L L  WALL FABRIC
F ig . 1 .12
Biochem ical ac tio n  of d isu lph ide re d u c ta s e  on c e ll  w all fa b ric  (a fte r 
B a rtn ick i-G arc ia  and M cM urrough> 1971).
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and Mu c o r ro u x ii (B artn ick i -G arc ia  and N ick e rso n , 1962b). It has a l s o  
been su g g ested  (Y am aguchi, 1975) tha t zinc h as  a p r im a ry  function in the 
m e tab o lism  o f RNA itiC . a lb ican s  r a th e r  than p ro te in  o r  DNA. Z inc m ay 
be re q u ire d  fo r  the sy n th e s is  of RNA o r  in p rev e n tin g  its  d e g ra d a tio n . 
W hatever the m echan ism  of action m ay be, the com ple te  ce ssa tio n  o f  n e t 
RNA sy n th e s is  a t  the t ra n s i to ry  stage of 'y e a s t ' to  'filam e n to u s ' g ro w th  
un d er a c e r ta in  deg ree  of zinc defic iency  im p lies  tha t subsequent f ila m en to u s  
elongation takes p lace  w ithout ne t r ib o so m a l fo rm a tio n . T h e re  is , th e re fo re ,  
a s ign ifican t d iffe ren ce  in the  m etabolic  p ro c e s s e s  involved in m y c e lia l 
elongation ( 'f ila m en to u s ' g ro w th ) and s im p le  c e l l  div ision  ( 'y e a s t ' g ro w th  ).
N um erous fa c to rs  including te m p e ra tu re , n u tr itio n , age, pH and tine 
p re se n c e  of c e r ta in  ch e m ic a ls  in the m edium  a r e  known to affec t the 
elongation of ty p ica l y e a s t c e lls  such as  S acch aro m y ces c e r e v is ia e  w hich  
m an ifes to n ly  a lim ited  ca p ac ity  fo r c e ll elongation  (S cherr and W eaver,
1953). F u s e l  o ils  have a lso  been im plica ted  a s  m orphogenetic  in d u c e rs  
(G eiger, 1961 ;G ran t, 1964). Elongation a lso  o c c u rs  in continuous 
cu ltu re  w ith defined m edium  when the co n cen tra tio n  of n itrogen  (supp lied  
as  am m onium  su lphate , m eth ion ine o r  a s p a ra g in e )  becom es lim iting  
(Brown and Hough, 1965; M cM urrough and R ose, 1967). T he addition of 
sodium  th iog lyco lla te  o r  s e le n a te , how ever, e ffec ts  a re v e rs io n  of the 
elongated c e lls  back to e llip so id a l c e lls .  It w as concluded, in analogy w ith  
the o b se rv a tio n s  on C . a lb ic a n s , that the m orpho log ica l effect w as due to  
an a lte ra tio n  in th e c e lh ila r  balance of the su lp h y d ry l-d isu lp h id e .
A nother p a tte rn  of y e a s t m orphogenesis is d isp layed  by T rig o n o p sis  
v a r ia b ilis  w h ere  th e re  is an in te rchange between a tr ia n g u la r  c e ll  sh ap e  
and the conven tional y ea s t fo rm , (F ig . 1 .1 3 ), w hich is dependent on 
en v iro n m en ta l cond itions. F o rm ation  of tr ia n g u la r  c e lls  is s tim u la ted  by 
die av a ila b ility  of a su itab le  m ethy l donor in the g row th  m edium , i , e .  
m ethionine o r  choline (Senthe Shanmuganathan and N ickerson , 1962).
T he d e te rm in a n t ro le  o f the m ethyl donor s u b s tra te s  in tr ia n g u la r  c e ll 
m orphogenesis w as questioned  by S asekand  Becker (1969) who found 
that p ro lin e , a lan ine and hydroxypro line w ere  equally  effective in 
p rom oting  tr ia n g u la r  c e ll  m orphogenesis. They a lso  found tha t tr ia n g u la r  
c e ll developm ent p rin c ip a lly  o cc u rre d  during  the e a r ly  log phase and no t
A
F i g . 1 . 13
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during  the s ta tio n a ry  g row th  p h a se . T h is  ind icated  tha t en v iro n m e n ta l 
conditions conducive to tr ia n g u la r  c e ll  m orphogenesis w ere  t r a n s ie n t .
P ossib ly  one of the m o s t w idely stud ied  s im p le  eu cary o te s  is th e  
d im orph ic  fungus M ucor. M ucor ro u x ii and o ther sp e c ie s  a r e  ty p ic a l 
m y c e lia l fungi endowed w ith the p o ten tia l to develop into popu la tions 
com posed m ain ly  o r  ex c lu siv e ly  of budding sp h e r ic a l y e a s t c e lls  (F ig .  1 .1 1 ) 
(B a rtn ic k i-G a rc ia , 1963 ). V egeta tive  m orphogenesis has been show n to 
depend on a v a r ie ty  of en v iro n m en ta l f a c to rs :-
(a ) Oxygen U nder a n a e ro b io s is > M ucor ro u x ii sp o re s  g e rm in a te  
producing  y e a s t like c e lls  w hich rep ro d u ce  by budding( w h erea s  a e ro b ic  
developm ent lead s to the fo rm ation  of a typ ical m ycelium  (B a rtn ic k i - 
G arc ia  and N ickerson , 1962 a ) . S im ila rly  H aidle and Storck (1966) w e re  
ab le to co n v e rt the y east c e lls  of M . roux ii grow ing  on defined m e d iu m  to 
the m y ce lia l fo rm  by changing the g as  phase  of the cu ltu re  a tm o sp h e re  
from  carbon  dioxide /n itro g e n  o r  n itrogen  to  a i r .
(b) Hexoses R o g e rs  e t a l . (1974) concluded tha t g lucose  w as th e  m o st 
im portan t s ing le  fac to r determ in ing  the m orpho log ical s ta te  o f M ■ g en  en ven s i s . 
Using continuous cu ltu re  techn iques it w as observed  th a t,u n d er con d itio n s
of g lucose  ! im ita tio n > oxidative m etabo lism  in c reased  as  the d is so lv e d  
oxygen concen tra tion  in c re a se d , re su lt in g  in an in c re a se  in the  p ro p o rtio n  
of the m y c e lia l fo rm  in the c u l tu re . F ilam en tous grow th w as in h ib ited  by 
g lu co se , which induced a com plete  re v e rs io n  to the y east-lik e  fo rm . The 
effect of g lu co se  on the g e rm in a tio n  of sp o re s  of M . roux ii w as s tu d ie d  by 
F rie d e n th a l e t a l . . (1974).At 0.01(/(w/v) g lucose  concen tra tion  m y c e lia l 
developm ent o c c u rre d ,w h e re a s  a t  in c reasin g  concen tra tions d im o rp h ic  
co lon ies w ere  fo rm ed . 2% (w / v ) g lu co se  re su lted  p u re ly  in the a p p e a ra n c e  
of the y e a s t fo rm . S im ila r e ffec ts  w ere  observed  w ith fru c to se  and 
m annose (B artn ick i-G arc ia , 1968).
( c ) C a rbon dioxide T h is  h as  been w idely docum ented a s  ab le  to 
re g u la te  d im orph ism  in M u co r. E lm e r and N ickerson (1970) found th a t 
carbon dioxide a tp C C ^  values of 0 .3  atm  o r h igher induced y e a s t- lik e  
developm ent in 5 s tra in s  of M. roux ii w hereas grow th under a i r  o r
n itrogen  w as filam en to u s . C erta in  n u tr itio n a l fac to rs  Including a s m a ll
p ep tid e , how ever, needed  to be p re s e n t .  B a r tn ic k i-G a rc ia  and N ickerson  
(1962a)had s im ila r ly  o b se rv e d  th a t un d er n itrogen  filam en tous g row th  of 
M. r o u x i i . o c c u rre d  follow ed by fragm en tation  of the hyphae into 
a r th r o s p o r e s .  Introduction  of carbon  dioxide induced s p h e r ic a l budding 
y east c e l l s  but th is  e ffec t w as n u llified  by the p re s e n c e  of oxygen.
(d ) O th e r  fac to rs  A la rg e  nu m b er of o th e r  p a r a m e te r s  have been 
o b se rv e d  to effec t ’ye a s t ' to 'f ilam en to u s 'm o rp h o g en esis  o r  v ice  v e r s a .
T h ese  in c lu d e :- phenethy la lcoho l (T e ren zi and S to rck , 1969), an 
un id en tified  v o la tile  fra c tio n  (Mooney and S hepherd , 1976), cyan ide , 
ac r if la v in  and cyc lohexam ide (Haidle and S to rck , 1966) and ch lo ram p h en ico l 
(C la rk -W a lk e r, 1973; F rie d en th a l e t a l . ,  1974). H eavy m e ta ls  and 
d ic a r boxy lie ac ids have a lso  been im plica ted  (B artn ick i-G  circis And 
M cM urrough , 1971).
It w ou ld  b em is le ad in g  , how ever, to a ss ig n  any one of th ese  fa c to rs  
the c a u s a l r o le  of d im o rp h ism , s in ce  the e ffec t o f each  fac to r  is 
cond itioned  by the co n cen tra tio n  of th e  o th e rs . F o r  exam ple , in an aero b ic  
c u ltu re s  the  co n tro l of m o rphogenesis in M . ro u x ii by carbon  dioxide 
depends on th eh ex o se  concen tra tion  (B a rtn ick i-G arc ia , 1968). (In vivo 
C O ^production  from  the  hexose is a  p o s s ib il i ty ) .  A high pC O ^ value 
g e n e ra lly  favou rs the developm ent of y eas t c e lls  but if the hexose 
co n cen tra tio n  is below 0 . 1 % (w /v ), no y ea s t developm ent o cc u rs  even 
u n d er an a tm o sp h e re  of 1005?. carbon d ioxide. C o n v e rse ly , if the g lucose  
co n c en tra tio n  is above 8% (w /v ), exogenous carbon  dioxide is no longer 
a r e q u ire m e n t fo r y e a s t developm ent. T his in te rac tio n  between hexose and 
carbon  d ioxide concen tra tion  is fu r th e r  conditioned by the co n cen tra tio n s 
of o th e r  fa c to rs  (B a rtn ick i-G arc ia , 1968), w hich w as a ttr ib u te d  to 
d ia ly sa b le  fa c to rs  by E lm e r  and N ickerson (1970).
S pecu lative  m ech an ism s have been suggested  to explain the com plex  
in te ra c tio n s  of en v iro n m en ta l fa c to rs  on y ea s t m orphogenesis  which depend 
on the in tra c e l lu la r  co n cen tra tio n s of ce rta in  m e tab o lite s  (B artn ick i-G arc ia  
and N ick e rso n , 1962b). A lte rna tive  m echan ism s w hich need not be 
m u tu a lly  exc lu sive  have been p roposed  (B artn ick i-G arc ia  , 1963) which 
involve in te rfe re n c e  of the a ssem b ly  of c e ll  w all p ro te in s  (B artn ick i-G arc ia  
and Lippm an 1969). Seem ingly env ironm en ta l fa c to rs  which in te r fe re
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w ith  the e s ta b lish m e n to f  p o la riz e d  w all sy n th e s is , c a u se  the c e ll  w a ll  to 
grow  un ifo rm ly  o v e r  its e n tire  p e r ip h e ry , g iv ing r i s e  to  sp h e r ic a l y e a s t  
c e l ls .  S trong su p p o rt has been given to the suggestion  by T e re n z i and 
S torck (1969) th a t the filam en tous m orphology in M ucor m ight be re g a rd e d  
a s  rn x phdog ica l ex p re ss io n  of the  P as te u r effec t, i . e .  y e a s t- lik e  m orpho logy  
and ferm en tation  a r e  linked, and fila m en to u s-lik e  m orphology and 
re sp ira tio n  a r e  linked , and th a t conversion  of the filam en tous fo rm  to  
y e a s t fo rm  by phenethy la lcoho l is due to the inhibition of ox idative 
phosphory la tion . T hew ork done by C la rk -W alk e r (1973 ) ,  how ever, 
suggested  tha t the view tha t phenethy la lcoho l p ro m o tes  y eas t-lik e  m orpho logy  
because it s tim u la te s  fe rm en ta tio n  and uncouples phosphory lation  sh o u ld  be 
re -e x a m in e d . He observed  th a t, although ch lo ram phen ico l e l im in a te s  
functional m ito ch o n d ria , it does no t lead com pletely  to the y e a s t- l ik e  fo rm .
As a f in a l i l lu s tra tio n , e n v iro n m en ta l co n tro l of d iffe ren tia tio n  h a s  been 
w idely im plicated  in the a c e llu la r  s lim e  m ou lds. D ifferen tia tion  in 
D ictyostelium  d isco ideum  has been widely rev iew ed  (Sussm an and S u ssm an ,
1969; A shw orth, 1971; G arro d  and A shw orth, 1973; K illick and W rig h t,
1974). T h is  o rg an ism  grow s in th e  so il a s  a population of independen t 
un inuclea te am o eb ae . With the o n se t of the s ta tio n a ry  phase , the am o eb a e  
agg regate  to fo rm  o rg an ised  m u lt ic e llu la r  fru  iting bodies com posed  o f  
sp o res  and sta lk ed  c e lls  (F ig . 1 .1 4 ) .  Depending upon the en v iro n m en ta l 
conditions, the developing ag g re g a te  e i th e r  co n s tru c ts  the fru itin g  body a t 
the s ite  of aggregation  o r tra n s fo rm s  into a s tru c tu re  known as  a slug  
which can m ig ra te  to a m ore  favou rab le  location . N ewell e t a l . (1969) 
suggested  fa c to rs  w hich favour m ig ra tio n  to be
(a) accum ulation of m etabo lites p roduced  by the agg regate
(b) low ionic s tre n g th  of the su b s tra tu m .
Conditions p rev en tin g  m igration  o r  stopping a m ig ra tin g  slug a r e  
(a ) p re se n c e  of bu ffer,
(b) illum ination by overhead  light.
T he effect of o th e r  fac to rs  such  a s  am m onia, and hum idity on m o rp h o ­
g en e s is  in th is  o rg an ism , as  w ell a s  light and te m p era tu re , have a lso  been 
d esc r ib e d  by Bonner £tjal_., (1950), Bonner and Shaw, (1957), Cohen (1953) 
and F ra n c is  (1964). The re sp o n se s  of a developing s lim e  mould to a 
num ber of en v ironm en ta l influences appear not to be a rb i t ra ry  but can b e  seen *
a s  m ost su ited  fo r su rv iv a l and p ropagation  under the c irc u m sta n ce s  
av a ila b le .
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'Slug' fo rm ation  . M ig ra tio n .
E arly  s ta g e s  in the fo rm ation  of a fru itin g  body, 
M ature fru itin g  body.
(tv ) R egulation  of diffe re n tiation a t the m o lecu la r leve l
T he p u rp o se  of th is in troduction  so  f a r  has been to  d e s c r ib e  the
m orphological, changes th a t o cc u r in a num ber of sy s te m s  c u r re n tly  
u se d  a s  m ode ls  o f c e llu la r  d if fe re n tia t io n  and to outline th e  p o ss ib le  
ro le  played by the en v iro n m en t in co n tro llin g  th is e x p re s s io n .  A b r ie f  
d iscussion  o f  the p ossib le  re g u la to ry  phenom ena, a t the m o le c u la r  level, 
w hich c o n tro l c e l l  cyc le ex p re ss io n  is a lso  ju s tif ie d .
C ell d iv is io n , which is d iffe ren tia tio n  a t  the s im p le s t and  m oct basic  
level, is  com m on to a ll developm en ta l sy s te m s . The m o s t  d e ta iled  s tu d ie s  
have been c a r r ie d  out on coli^ (Donachie et a t . .  19/3: P a rd e e , 1974; 
de Pedro  e t  a I. ,  1975; M eacock and P ritc h a rd , 1975; Ron e t_ a l . ,  1977; 
de Pedro and C anovas, 1977, a r e  but a few ) and to a te a s e r  ex ten t on 
8 . su b tilis  (Uonachic e t a l . .  1971 ) and Salm onella tvoh iinu rnm  (Shannon e t  a l . 
1972). T o  e n s u re  that each  «laughter c e ll  re c e iv e s  a copy o f the genom e 
UNA rep lica tio n  pro tein  sy n th e s is  and c e ll  division m u st be p re c is e ly  
tim ed and co  o rd in a te d . It lias been suggested  (Jones and D ouach ie 1973) 
th a t die UNA rep lica tio n  and c e ll  d ivision cy c les  a r e  c o n tro lle d  bv two 
se p a ra te  tim ing  sy s tem s o r  'c lo c k s ' and m at ootn a r e  p ro b a b ly  in itia ted  
a t  the sam e tim e  in re sp o n se  to  (he c e ll doubling its  in itia tio n  m a s s .  
Com pletion of c e l l  d ivision is dependent on both c locks and p re su m a b ly  
th e re fo re , on the com bined p ro d u c ts  of the two c y c le s .
T he length o f  the ch ro m o so m e rep lica tio n  cyc le  in E . c o li a t  co n s tan t 
te m p e ra tu re  rem ain .: rem ark ab ly  constan t fo r  a v a r ie ty  of g ro w th  r a te s  
(Cooper and H e lm s te tte r , 1968), T h e  rep lica tio n  r a te  is g o v e rn e d  by 
the num ber of in itiation  po in ts and not the r a te  of nucleo tide  add ition . 
D ichotom ous rep lica tio n  has been shown to occu r in B. s u b ti l is  (Suecka 
e t a l . ,  I964) a s  w ell is E . c o li (Cooper and H e lm ste tte r  I968; M a s te rs , 
1970) and it is believed to be u n lv e rs  i l .  At d iffe ren t g row th  r a te s  (with 
the exception o t v e ry  slow grow th  r a te s )  he ra te  o f addition of nucleo tides 
to the rep lica tio n  fork rem a in s c o n s tan t; how ever, new ro u n d s  of c h ro m o ­
som e rep lica tion  a r c  in itiated  a t  ev e ry  doubling in c e ll  m a ss  ( i .e .  the 
fa s te r  th e g ro w th  ra l the g r e a te r  the num ber of DNA in itia tion  p o in ts ) .
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T he n a tu re  of the division clock is  unknown. E x p erim en ts  on the 
n e c e ss ity  of p r io r  p ro te in  sy n th e s is  fo r  d ivision (P ie ru cc i and H elm ste tte r^  
1969) how ever^ s tro n g ly  suggest tha t a co n stan t p e rio d  of p ro te in  
sy n th e s is , of about 40 m in, is r e q u ire d  befo re  d iv ision  can take p la c e .
The fac t th a t tills tim e p erio d  is co n s tan t ir re s p e c tiv e  of g row th  r a te  
ind ica tes th a t th is is p a r t  of the tim e  c lo ck .
Once the in itiation  of c e ll  div ision  h as  been tr ig g e re d , the gen es 
coding fo r  the c e ll div ision  p ro te in s  can be tr a n s c r ib e d . To p re v e n t th e  
form ation  of anuc lea te  c e lls  it has  been shown in E . c o li tha t com pletion  of 
a round of rep lica tio n  is a n e c e s sa ry  p r e - r e q u is i te  fo r  div ision  (C lark ,
1968; P ieru cc i and H e lm s te tte r , 1969 ) . T h is  m ay be to allow  se g re g a tio n  
of the d au g h te r ch ro m o so m es> w hich is m ed iated  by the sy n th e s is  and 
grow th of new m em brane from  an e q u a to r ia l region betw een th e ir  a tta c h m e n t 
s ite s  and hence p rov ide  space  fo r  a sep tum  to fo rm  between them  
(Jacob e t a l . . 1963). A lte rna tive ly  it m ay  be that a t  te rm in a tio n  a late 
gene e s s e n tia l  fo r c e l l  division is  tr a n s c r ib e d  and th a tth is  la te  gene is 
unusual in so fa r  as it is only tra n s c r ib e d  when re p lic a te d . E vidence h a s  
been ob ta ined  (Jones and D onachiej 1973 ) th a t the tra n sc r ip tio n  of a 
specific  gene (or g e n e s )  is re q u ire d  if c e l l  d ivision is to be co m p le ted j 
and tha t th is  tra n sc r ip tio n  takes p lace  a t  o r  im m ed ia te ly  a f te r  te rm in a tio n  
of each round of ch rom osom e re p lic a tio n . Enough of the te rm ination  
p ro te in (s ) can be m ade in 5 min to allow  division  to tak e  p lace  (Donachie 
_et al_. , 1973; Jones and D onach ie, 1973). It has  been suggested  tha t the 
te rm in a tio n  p ro te in s  a r e  com ponents of the c e ll  envelope involved in the 
d isso c ia tio n  of the ch rom osom e from  the old rep lica tio n  com plex into a 
s e p tu m , (Donachie, 1969; Donachie and Begg, 1970). E lucidation of the 
regu la tion  p ro c e s s e s  em ployed in c e lls  w ith sim ple  life cyc les w hose only 
m a jo r  d iffe ren tia tion  s tep  is c e ll d iv ision  have proved  d ifficu lt and they 
a r e  s t i l l  not fully  u n d ersto o d . H ow ever, a la rg e  num ber of p ro c a ry o te s , 
both b a c te ria  and cy an o b ac te ria , have c e ll  cy c les  com plicated  by te m p o ra l 
and inducible d iffe ren tia tion  of su b c e llu la r  o rg an e lles  and a l te re d  ce ll 
fo rm s . T he In c reased  dem and on the re g u la to ry  m ach inery  is im m ense 
but knowledge on how the c e lls  a r e  ab le to  cope is em erg in g . P a r t ic u la r
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in te re s t has  been shown in endospore  fo rm ation  and outgrow th in B acillus. 
Enzym e a c tiv i t ie s  in the sp o re  a r e > how ever, d if fe re n t fro m  th o se  found 
in the v eg e ta tiv e  c e ll, and th is  change is b e liev ed  to be b rough t about by 
the su p p re ss io n  of som e vegeta tive genes d u rin g  sp o ru la tio n j and  the 
sequen tia l e x p re ss io n  of new g en e s . A ra p id  lo s s  of ac tiv ity  of a t  le a s t 
7 enzym es (ly s in e  d ec a rb o x y la se ,iso c itra te  d eh y d ro g e n ase> th reo n in e  
d eh y d ra tase , a s p a r to k in a s e ( a s p a r ta te  tr a n s c a rb a m y la s e ,in o s in e  m o n o ­
phosphate dehy d ro g en ase  and d iam inop im ela te  d e c a rb o x y la se )  o c c u rs  
during the in itia tion  of sporu iation  in s e v e ra l s p e c ie s  of B acilli (B ernlohr 
and G ray , 1969; D eu tscher and K ornberg j 1968). In c o n tra s t ,  new  
pro te in s obviously  needed fo r  n o rm a l sp o ru ia tio n  a r e  d ip ic o lin a te  
syn thase  (C hasin  and S zu im a js te r , 1969; Bach an d  G ilva rg , 1966; Fukuda 
e t a l . , 1969 ) and coat p ro te in s  that c o m p rise  up to  80% of the sp o re  
pro tein  (A ronson and F itz -Ja m e s , 1968; A ronson and H orn, 1969). 
P ro te a se sa re  a ls o  p roduced  in v as t am ounts d u rin g  the sp o ru ia tio n  phase  
° f  B acilli (Levisohn and A ronson, 1967; P re s tid g e  e t a l . . 1971; Setlow , 
1975) and a t le a s t  one function of th ese  is b e liev e d  to be the p ro c e ss in g  
of spo re  co a t p r e c u r s o r  p ro te in s  (Cheng and A ronson , 1977a). M ost 
spo re  enzym es , how ever, a r e  believed to be th e  p ro d u c t of the sa m e  
genes which p ro d u ced  the vegeta tive  c e ll  c o u n te rp a r ts  (Nelson e t  a l .
1969). Some of these  enzym es a re  m odified a f t e r  th e ir  sy n th e s is  o r have 
a lte re d  p ro p e r t ie s  due to a conform ation change. Such is the c a s e  with 
aldo lase  (Sadoff e t a l . , 1970) which is changed f ro m  a heat s e n s itiv e  to a 
hea t s tab le  en zy m e during  spo ru ia tion , by p ro te a s e  rem o v a l of a peptide 
from  the v eg e ta tiv e  fo rm . R ecently , how ever, p ro te a s e s  have been 
im plicated  in the  m odification of RNA p o ly m e ra se  (M illet e t  a l . . 1972; 
Lecadet e t a l . , 1977; Cheng and A ronson, 1977a, b).T he im p o rtan ce  of 
th is is outlined la te r .
Obviously th e  co n tro l of the sequen tia l s te p s  o f  sporu iation  a r e  of 
g re a t in te re s t .  Induction-catabolite  re p re ss io n  o f  sp o re  enzym es and 
catabo lic  en zy m es is w idely believed to occu r (L a ish ley  and B ern lohr,
1966; Coote, 1974) and it has been suggested  tha t in itiation  of sporu ia tion  
is tr ig g e re d  by low energy  levels (Hutchinson and H anson, 1974).
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Schaeffer e t a l . (1965) de term in ed  the e ffec t of v a rio u s  carbon  and 
n itrogen  so u rc e s  on th eco m m itm en t o f B. su b tilis  to sp o ru la tio n . T hey 
concluded that ca tab o lite  re p re s s io n  p rev e n ted  the in itiation  of 
spo ru la tion  and that the e ffec to r con tained  n itro g e n . H olm es and 
Levinson (1967) showed tha t n itra te  lim ita tio n  induced m ic ro cy c le  
sp o ro g en e sis  of B. m eg a te riu m . w h erea s  M acK echnie and Hanson (1968) 
o bserved  tha t th is  phenomenon in B. su b ti l is  r e su lte d  fro m  phosphate 
lim ita tio n . T h e se  re s u lts  w ere  c o n s is te n t with the hypo thesis  that 
ca ta b lic  re p re s s io n  was o cc u rrin g > and th a t the e ffec to r  contained 
n itrogen  and phosphate . As is the c a se  fo r n o rm a l c e ll  d iv is ion , DNA 
rep lica tio n  and its  com pletion is a re q u is i te  fo r  su c c e ss fu l s p o l i a t io n  
(M andelstam  e t a l . . 1971). T h re e  m ode ls  have been pu t fo rw ard  to 
account for the sequen tia l p ro c e s s e s  of sp o ru ia tio n > and th ese  have been 
w idely d isc u sse d  (M andelstam , 1969; H a lv o rsen , 1965; W aites e t a l .
1970).
(a )  Simple seq u en tia l tra n sc r ip tio n .
(b ) Sequential tra n sc rip tio n  m ed iated  by sigm a ( c )  f a c to rs .
( c ) Sequential induction.
T he f i r s t  m odel, how ever, is un likely  a s  gene o rd e rs  did not m atch the 
o rd e r  of ev en ts , and it is now m ore  w idely  accep ted  th a t tra n sc r ip tio n a l 
co n tro lm ay  b e a  com bination of the o th e r  two m o d e ls . Bautz e t a l . (1969) h av e  
shown th a t,a f te r  infection of E . co li by phage T4 , th e re  a r e  changes in the 
sp ec ific ity  of the  RNA p o ly m e rase , and th a t these  a re  produced  by p ro te in s  
w hich  they c a ll  s igm a ( cr) f a c to rs . T ra n s c r ip t io n a l  co n tro l o f c e llu la r  
d ifferen tia tion , due to change in tem p la te  sp ec ific ity  e i th e r  by m odification 
of the ex isting  RNA p o ly m erase  o r the p re se n c e  of a d iffe ren t p o ly m e rase , 
h as  been shown to occur in spo ru la ting  B acilli.and co n s id erab le  evidence 
is accum ulating  (Losick and Sonenshein, 1969;Sonenshein and Losick, 1970; 
in s ic k  et a_l,, 1970; Doi e t a l . . 1970; Linn e t a l . . 1973; M urray  et a l . .
1974; Linn e t a l . . 1975, Fukuda and Doi, 1977). R ecently , how ever, 
tra n s la tio n a l co n tro l of gene exp ressio n  during  d ifferen tia tion  in these 
c e lls  has been im p lica ted . A lte ra tio n s of r ib o so m a l p ro te in s  was observed  
du rin g  spo re  form ation in B. su b ti l is . w hich a l te r  the function of the i
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tran s la tio n  m ech an ism  (F o rtnage l and B ergm ann> 1973). S pecific 
a lte ra tio n s  o f th e  30S rib o so m a l subunits of B. su b tilis  du ring  spo ru la tion  
have been o b se rv e d  by Guha and S z u lm a js te r , (1977). Support fo r  the 
th ird  m odel h a s  com e from  Piggot (1973) who d e m o n s tra te d , u s in g  
asporogenous m u ta n ts , th a t th e re  a r e  a t le a s t 28 o p ero n s a s so c ia te d  
w ith sp o ru la tio n  in B. su b til is  and suggested  th a t s e v e r a l  a* e  p ro b ab ly  
ac tiva ted  in g r o u p s .  T h ese  operons a r e  not to g e th e r  and p ro b ab ly  
s c a tte re d  th roughou t the genom e.
T ra n s c r ip t io n a l  co n tro l of sp o re  outgrow th a s  w ell a s  fo rm a tio n  is 
likely , s ince  hy b rid iza tio n  s tud ies  have shown th a t individual sp e c ie s  of 
RNA a r e  sy n th e s ise d  p erio d ica lly  (Hansen e t  a l . . 1970). It s e e m s  
p robab le  that th e r e  is a g rad u a l tran sitio n  of e x p re ss io n  of the g en e s  
during o u tg ro w th . A fter g erm in a tio n , RNA sy n th e s is  o cc u rs  f i r s t ,  and 
this is c lo se ly  follow ed by the onse t of p ro te in  sy n th e s is  and fin a lly  DNA 
sy n th esis  a t a la te r  s tag e . T h is  p ro te in  sy n th e s is  is believed  to be 
dependent on p r i o r  RNA sy n th esis  (Sakakibara e t a l . . 1965; K obayashi 
et a l . . 1965) s in c e  th e re  is no ev idence fo r long lived  m e ssa g e s .
L ately c o n s id e ra b le  atten tion  has been fo cu ssed  on the reg u la tio n  of 
the com plex C a u lobac te r c e ll  cyc le  (Kurn and Shapiro. 1975). T h is  
o rg an ism  b e a r s  a  c lose  re la tio n sh ip  with the c e ll  m orphology of th e  
bidding ph o to sy n th e tics  and has been w idely rec o g n ised  as  a su itab le  
m odel fo r  s tudy ing  b ac te ria l d ifferen tia tion  (F ig . 1 .1 5 ) .  Kurn and 
Shapiro (1975) su g g ested  tha t, in an analogous m anner to B. s u b t i l is . 
th e re  a r e  two p ro g ra m s  fo r gene ex p re ss io n , one of which is e x p re sse d  
in the s ta lk ed  d au g h ter c e ll  and c a r r ie d  through to  c e ll  d iv ision , and the 
o ther in th e s w a rm e r  daughter c e ll .  E xperim en ts  w ith inh ib ito rs of DNA 
sy n th esis  su g g e s ted  that h e re , a s  in o th e r p ro c a ry o te s , DNA rep lica tio n  
and com pletion  o f  the genom e w as ob liga to ry  fo r c e ll  division (Degnen and 
Newton, 1972a,b) .By studying the effect o frifa m p ic in , which b locks the 
in itiation  of the RNA syn th esis , Newton (1972) a lso  d em o n stra ted  tha t 
ce ll division and initiation of DNA rep lica tion  w ere  dependent on de novo 
RNA sy n th e s is , and  that loss of sw arm  c e ll m o tility  was delayed by 
inhibition of RNA sy n th esis . It was concluded tha t in itiation  of the
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F ig . 1.15
D iag ram m atic  re p re se n ta tio n  of the life c y c le  of C au lobacter c re sce n tu g
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m orphological tra n s itio n s  w as reg u la ted , a t  le a s t  in p a r t ,  a t  the leve l of 
tra n sc r ip tio n . In view of the findings w ith B. s u b ti l is . i t  w as sug g ested  
that th is  m ay  be effec ted  by a l te r in g  the te m p la te  sp e c if ic ity  o f the RNA 
p o ly m e ra se . H ow ever, p o ly acry lam id e  g e l  e le c tro p h o re s is  an a ly se s  of 
RNA p o ly m e ra se s  fro m  v ario u s C a u lo b a c te r  c e ll  fo rm s  have Indicated  
that m orpho log ical and b iochem ica l ch an g es a s so c ia te d  w ith developm en t 
cannot be accoun ted  fo r by m a jo r  s t r u c tu r a l  changes in the RNA p o ly m e ra se  
(Wood and S hap iro , 1975; Bendis and S h ap iro , 1973). It is now thought 
th a t reg u la tio n , so le ly  a t the leve l o f tr a n sc r ip tio n  , is u n lik e ly . A n aly s is  
of r ib o so m es fro m  d iffe ren t g e n e ra , and n a tu ra l  m e sse n g e r  RNA’s fro m  
th e ir  re sp e c tiv e  p h ag es , has ind icated  th a t reg u la tio n  of C au lobacte r 
exp ression  a lso  e x is ts  a t th e  tra n s la tio n a l le v e l (Shapiro , 1976), S tud ies 
w ithhyb rid  r ib o so m e s  have shown that the sp e c if ic ity  of r ib o so m e  
binding and tran s la tio n  of n a tu ra l m e sse n g e r  RN A 's is p r im a r ily  a 
function of the 30S subunit (Lodish, 1970; L e ffle r and S zer, 1973). 
Evidence is accum ula ting  th a t the com ponen ts re sp o n s ib le  fo r the 
specific ity  of m e sse n g e r  recognition  a re  th e  16S r ib o so m a l RNA as w ell 
a s  the S12 r ib o so m a l p ro te in  (Held e t a l . . 1974; G oldberg and S te itz , 1974; 
Shine and D elgarno  , 1975).
(v ) Involvem ent of cyc lic  nucleo tides in d iffe ren tia tio n
T he involvem ent of cyclic nucleo tides in the  regu la tion  of p ro c a ry o tic  
gene ex p ressio n  is fa ir ly  c e r ta in , and th e ir  functions a r e  believed  to be 
d iv e rse  and n u m ero u s  (R ickenberg , 1974). H ow ever, the question  which 
has yet to be s a tis fa c to r ily  answ ered  is 'A re  they a d e te rm in a n t o r  a 
p roduct of the developm ental p ro g ra m m e ? '
It has been sug g ested  that cy c lic  ad en o sin e  3 ', 5 ' -m onophosphate (cAMP) 
together w ith cAMP re c e p to r  pro tein  re g u la te s  the tran sc r ip tio n  of 
n u m rro u s  operons which code fo r  b a c te r ia l catabolic enzyme sy s tem s 
(Ma km anand  Sutherland , 1965; Tan and L ipm ann, 1969; N ielson e t a l . . 
1973). T he ro le  of cAMP a s  a m ed ia to r o f ca tab o lite  re p re s s io n  in 
E . coli has a lso  been suggested  by S aier e t a l . (1975) and E pstein e t a l . 
(1975) s ince  it w as shown that the levels of th is  cy lic  nucleo tide  w ere  
dependent on the carbon  sou rce  in the en v iro n m en t. It w as in fe rred  that 
regulation  of cAMP levels allow ed a b a c te riu m  to choose p re fe re n tia l 
carbon so u rc e s . T h e  ro le  of cAMP in E . co li has been rec en tly  
rev iew ed  by Pastan and Adhya (1976).
37.
M orphogenetic  effec ts  a s so c ia te d  w ith v a ria tio n  in cAMP leve ls 
have a lso  been d e m o n s tra te d . It has  been found to  be a s so c ia te d  with 
th e  reg u la tio n  of flage lla  sy n th e s is ( and hence  m o tility  in E . co li and 
Salm onella  typhim urium  (Yokota and G ots. 1970). S p h e re - ro d -sp h e re  
m o rp h o g en esis  of A rth ro b a c te r  c ry s ta ilo p o ie te s  is inh ibited  by the 
in troduction  o fcA M P to  the cu ltu re  (Ensign and R itten b erg , 1963;
K im berlin  -H a r ir i  e t a l . . 1977). H am ilton e t a l .  (1977) ob se rv ed  
d ra m a tic  changes in the in tra c e llu la r  le v e ls  of cAMP p r io r  to the 
m orpho log ica l tra n s itio n s  of th is o rg a n ism > and suggested  th a t cAMP 
is a co n tribu ting  fac to r in the  reg u la to ry  phenom ena a s so c ia te d  with 
m o rp h o g en e sis . A m odel involving highly phosp h o ry la ted  nucleo tides 
(not cyc lic  ) in the in itiation  of sporu la tion  in B. su b tilis  h as  been p re s e n te d  
by R h a ese an d  G ro scu rth  (1976) based on the  finding th a t spo ru la tion  in 
th is  o rg an ism  can be induced by the sa m e  n u tr ie n t d efic ien c ie s  tha t a lso  
s tim u la te  the sy n th e s is  of highly  phospho ry la ted  n u c leo tid es . In C a u lo b a c te r  
c re sc e n tu s  inhibition of g row th  and d iffe ren tia tio n  can be o v erco m e by the 
addition  of exogenous d itu ty ry l  cAMP to the grow th m edium  (Shapiro e t a l .  
1972; K um  et _ab. f 1977). Schm idt andS am uelson  (1972) suggested  th a t 
c o n tro l of s ta lk  form ation  in C , c re sc e n tu s  ap p eared  to be re la te d  to 
in tra c e l lu la r  co n cen tra tio n s of nucleo tides w ith cy c lic  guanosine m ono­
phospha te  (cGMP) a s  a p ro m in en t cand ida te  fo r  an im p o rtan t reg u la to ry  
ro le  in th is  a sp e c t of m orp h o g en esis . S tim ulation  of fru iting  body fo rm ation  
in M yxococcus xanthus w as o bserved  in the p re se n c e  of exogenously supp lied  
cAMP by C am pos and Zusm an (1975). T subo i and Yanagishim a (1973) have 
n o ticed  fluctuations in cAMP levels during the  c e ll  cyc le  of S accharom yces 
c e r e v is i a e . T h e  addition of d ibu ty ry l cAMP h as  been found to have a 
p rofound  effec t on m o rphogenesis in M u co ra les  (Jones and Bu'lock> 1977). 
D uring the aggregation  of D ictyoste lium  disco ideum  the am oebae move 
to w ard s each  o th e r  in re sp o n se  to a c h e m ic a l a t tr a c ta n t  which is believed 
to  be cAMP (Konijn_et a_E( 1968; B arkley( 1969; Roos e t a l . . 1975; N ew ellt 
1975). T he involvem ent of cAMP o sc illa tio n s  as  a p o ss ib le  co n tro l fo r 
the r a te  and in itiation  of developm ent in D. d isco ideum  has a lso  been 
su g g ested  by N estle and Sussman (1972), A lc an ta ra  and Brazil (1976) and 
P erekalin  (1977).
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T his in troduction  has se rv ed  to outline a few  of the m a jo r  m odel sy s te m s  
available to study d iffe ren tia tion  and m orphogenesis^  and to rev iew  how c e llu la r  
expression  m ay be co n tro lled . This study w a s  in itia ted  to in v estig a te  
d iffe ren tia tion  and m orphogenesis in a new s t r a in  of R hodom icrobium  v an n ie lii j 
designated  Rm 5 ,which  w as iso la ted  a n d d e s c r ib e d  by Dow (1974).
(v i) R hodom icrobiim R m  5 (W hittenbury an d  Dow. 1977). A u se fu l m odel fo r  
studying m orphogenesis and d iffe ren tia tio n
R hodom icrobium  R m  5. the iso la te  used  th roughou t th is  s tudy> is  v e ry  c lo se ly  
re la te d  to R hodom icrobium  vann ielii (van N ie l, 1944) w ith re g a rd  to  p h ysio log ica l 
and c u ltu ra l c h a r a c te r is t ic s .  Addition of g ro w th  fa c to rs  is  u n n e c e s sa ry  and g row th  
o ccu rs  ae ro b ica lly  in the dark  o r  an a e ro b ic a lly  in the light (p h c to sy n th e tica lly ). 
C ell doubling tim es  of approx im ate ly  4 - 5 h r  a r e  re a d ily  o b se rv e d . T h e  c e lls  of 
Rm 5 a re  ovoid an d ^ ik e  R . acidophila  and R . p a lu s tr is . p o s s e s s  com plex  in te rn a l 
m em brane s y s te m s . V egetative rep roduction  is  by budding, and the sequence  of 
events o ccu rrin g  du ring  developm ent is b es t d e s c r ib e d  s ta r t in g  from  a sw arm  c e ll  
(F ig . 1 .1 6 ) , The f i r s t  m orphologically  o b se rv a b le  event is  the synchronous 
shedding of the f la g e lla , producing a non -m o tile ,non  -appendaged c e l l .  T h is  is 
followed a f te r  a w ell defined m atu ration  p e r io d  by filam en t fo rm ation  fro m  one o r  
both poles o f the c e ll ,  with subsequent bud fo rm a tio n  a t the f ilam en t t ip .  On 
m atu ration  of the d augh ter ce ll a 'p lug ' is sy n th e s ise d  w ithin the f ila m e n t> p h y s io ­
logically  se p ara tin g  m o th er and daughter c e l l .  Plug fo rm ation  a p p e a rs  to be u n d e r 
daughter c e ll  c o n t ro l  since  it is  alw ays fo rm e d  a fin ite  d is tan c e  fro m  the d a u g h te r ; 
in c o n tra s t) the d is tan c e  of the plug from  the m o th e r  c e ll  is  v a r ia b le . F ilam en t 
b ranching enab les the m o ther c e ll  to g ive r i s e  to  up to 4 daugh ter c e lls  which 
usually  rem a in  a ttach ed  but a r e  se p ara te d  p h y sio lo g ica lly  by the p lu g s . M atu ra tion  
of the daugh ter c e lls  into m other c e l ls > and th e i r  subsequent re p ro d u c tio n  r e s u l t s  
in the form ation  of a com plex m a tr ix  of ce lls  known as a m u ltic e llu la r  a r r a y  o r  
m icroco lony .
In young c u ltu re s  grow ing in liquid m ed ium , m otile  p e r itr ic h o u s ly  flage lla ted  
sw arm  c e lls  a r e  fo rm ed  p ro fu se ly . T h e s e c e l ls  a r is e  from  te rm in a lly  a ttached  
c e lls  and a r e  re le a s e d  by b inary  fission  (F ig . 1 .1 7 ) .  T he sw arm  c e lls  a r e  ab le  
to sw im  away from  the  m icrocolony, d if fe re n tia te  into m o th e r ce lls  and 
subsequently  give r i s e  tonew  m icro co lo n ies . « »•
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D iag ram m atic  re p re se n ta tio n  of the vege ta tive  g row th  and developm ent of 
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F ig . 1 .17
Schem atic  re p re se n ta tio n  of sw a rm e r  sib ling  form ation  in a Rm 5 m u lti-  
c e llu la r  a r r a y  (m ic ro co lo n y ).
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Grown u n d er low ligh t in tensity , th e  cu ltu re  becom es ligh t lim ited  
b efo re  the n u tr ie n ts  a r e  exhaused, a l l  m o tility  is lo s t ,  and re s t in g  c e lls  
o r  ex o sp o res  a r e  form ed in abundance . T hese ce lls h ave a c h a ra c te r is t ic  
angu lar ap p e a ran c e  (3 ,4  or 5 sided b e in g  m ost co m m on) and v ary  in s iz e . 
E lec tron  m ic ro g ra p h s  have shown th a t the  sp o res  a r e  fo rm ed  te rm in a lly  
on the f ilam en ts  o f vegeta tive c e lls  and  th a t up to  4 can be fo rm ed  
seuqen tia lly  from  one tip (F ig . 1 .1 8 ) .  U nlike the one to one re la tio n sh ip  
found in endospo re  fo rm e rs , h e re  each  m o ther c e ll  h a s  the ca p ac ity  to 
fo rm  4 e x o sp o re s , which suggests th a t a s  w ell a s  enabling  the  c e lls  to 
su rv iv e  a d v e rse  conditions, sp o ru la tio n  in Rm 5 a lso  has rep ro d u c tiv e  
s ig n ifican ce . T ra n s fe r  of the sp o re s  to  f re s h  m edium  re s u l ts  in th e ir  
g erm ination  and ou tgrow th; lo ss  o f r e f r a c t i l i ty  and r e s is ta n t  p ro p e r t ie s  
and the developm ent of p e rm eab ility  to  dyes o cc u rs  w ithin the f i r s t  h o u r. 
V egetative c e il  sy n th e s is  from  the e x o s p o re  then follow s by the c h a r a c te r ­
is tic  budding m ode of grow th being p re c e d e d  by f ila m en t fo rm ation  from  
one of the ap ice s  of the angu lar c e ll  (F ig . 1 .1 9 ). M ost sp o re s  u sua lly  
g e n e ra te  th re e  f ilam en ts  consecu tively , though o ccas io n a lly  4 a r e  o b se rv e d . 
E xospo res a re u n ia u e , in so  fa r as each  is  able to d iffe ren tia te  and becom e 
a rep ro d u c tiv e  u n itcap ab le  of fo rm ing  up  to 4 v eg e ta tiv e  c e lls  in a 
d is tin c tiv e  m orpho log ica l sequence. V ege ta tive  c e lls  fo rm ed  by the exo- 
s p o r e a r e  ind is tingu ishab le from  ex p o n en tia l vege ta tive  c e lls ,  and upon 
m atu ration  s e p a ra te  them selves from  th e  exospore  by p lugs.
The in itia l w ork perfo rm ed  on Rm 5 su g g ests  th a t it o ffe rs g re a t  
p o ten tia l as  a m odel sy stem  fo r studying m orphogenesis and d iffe ren tia tio n . 
F e a tu re s  such a s  p o la r grow th, p o la riz a tio n  of the c e ll  and m o th e r/d au g h te r  
c e ll  cycles, involve the regulation  of s p a t ia l  sequences of th is o rg an ism  in 
such s tu d ie s . N ec essa ry  c r i te r ia  a r e  obeyed ad m irab ly : - Rm 5 h as an 
in te re s tin g  and p a r tic u la rly  w ell defined life  cycle w hich lends its e lf  for 
tlie co rre la tio n  of b iochem ical events w ith  m orpho log ical developm ent 
(W hittenbury and Dow, 1977). E ase of g row th  in the absence  of grow th 
fa c to rs  is  fac ilita te d  usingm edium  w ith sodium  p y ru v a te  and sodium  
hydrogen m alate  a s  carbon so u rce s , and the  isolation of m utan ts would 
ap p e a r  to p re se n tfe w  p ro b lem s. H ow ever, a m a jo r fe a tu re  of Rm 5 is the
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ab ility  to  ea s ily  and quickly se lec tiv e ly  sy n ch ro n ize  th e  sw arm  c e lls  by
f il tr a t io n ( with a m inim um  of e n v iro n m en ta l s t r e s s .  T he g la s s  wool
colum n technique d esc rib ed  by Dow (1974) enab les v a s t  am ounts of
cu ltu re  (up to 20 l i t r e s )  to  be sy n c h ro n iz e d ( y ield ing in the reg ion  of 
7
2 .5  x 10 v iable synchron ized  sw arm  c e l l s  p e r  m l. F iltra t io n  a s  a m eans 
of synchronization  h as been p rev iously  em ployed  in B, su b tilis  (Sargent 
1973) and C au lobacter (Schm idt and S ta n ie r ,  1966), an d  the technique 
has m any advantages ( i .e ,  speed , s im p lic i ty )  over o th e rs  c u r re n tly  
u sed  fo r  svnchronizing  c e l ls j such as  cen trifu g a tio n  and density  g ra d ie n t 
cen trifugation  [E . co li (M itchison and V in cen t, 1965), R . p a lu s tr is  
(W estm acott and P rim ro se , 1976), H yphom icrobium  v u lg a ris  (M oore and 
H irsch , 1973), C au lobacter c re sce n tu s  (Stove and S tan ie r , 1962)] and 
the H e lm ste tte r  technique and adhesion o f  m other c e lls  rE . co liL _____ t
(H e lm ste tte r  and C um m ings,1963, 1964;C aulobacter (Degnen and Newton 
1972&Staley an d jo rd an , 1973; K um ari a n d  Dow, p e rso n a l com m unication )].
The follow ing study was in itiated  to u s e  Rm 5 a s a m odel sy s tem  to 
investiga te the m orpho log ical u l t r a s t r u c tu r a l  and p h y sio lo g ica l changes 
o cc u rrin g  during  the c e ll  cy c le . In p a r t ic u la r ,  it w as hoped to  o b se rv e  
w hether c e llu la r  ex p ressio n  of th is o rg a n ism  was influenced by the 
environm ent and ,if so ,to  what ex ten t.
SECTION 2
M ATERIALS AND METHODS
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( i ) O rgan ism s
A s tra in  of R hodom icrob ium vann ie lii iso la ted  f ro m  f re sh w a te r  by 
by D r. C .S . Dow (U niversity  of W arw ick ) w as u sed  in a l l  s tu d ie s .  T his 
o rg a n ism  was designated  s tra in  Rm 5 .
( i i ) G ases
C arbon dioxide w as obtained fro m  th e  D is ti l le rs  Com pany L im ited  and 
a l l  o th e r  g a se s  w ere  from  the B ritish  Oxygen C om pany.
( i .i )  M edia
A b a sa l m edium  containing (g/1) N H ^C l, 0 .5 ; MgSO^TH^O, 0 .4 ; 
C a C l^ H ^ O . 0 .05 ; NaCI, 0 .4 ; w as u se d  fo r  a l l  c u ltu re s  of R m .5. T h is 
w as supplem ented  w ith sodium  hydrogen  m a la te , sod ium  p y ru v a te  and 
occas io n ally  sodium  a c e ta te a s  carbon s o u r c e s .  U n less  sp ec ified  
d iffe ren tly , grow th m edium  contained th e  following ca rb o n  co n c en tra tio n s  
( g / 1 ) : -
PYR grow th  medium ; B asal m edium  + so d iu m  p y ru v a te  (1 ,5 )
MAL grow th  m edium ; B asal m edium  +  sodium  hydrogen m a la te  (1 .5 )  
PY R /M AL grow th m ed ium ; Basal m ed ium  + sodium  p y ru v a te  (1 .0 )
+  sodium  hydrogen m a la te  (1 .5 )  
ACET grow th  m edium ; Basal m edium  +  sodium  a c e ta te  (1 .5 )
P fennig 's tra c e  elem ent solution (Pfennig, 1969) w as u sed  w h ere  
ind icated  (0 .5  m l / l i t r e ) .  T he pH of th e  m edium  w as ad ju sted  to 6 .8  with 
KOH p r io r  to au toclav ing . A fter au toc lav ing  s te r i le  0 .1  M phosphate  
bu ffe r, pH 6 . 8, (1 litre O .1  M Na2HPC>4.12H20  + 1 l i t r e  0 .1  M NaH2P0^2H 20 )  
w as added asep tica lly  to the m edium  (50 m l / l i t r e ) .
When m edia of d iffe ren t p H 's w ere  r e q u ire d ,  phosphate b u ffe rs  w ere  
p re p a re d  from  m ix tu re s  of 0 .1  M N a^P O ^.12H 20  and 0 .1  M 
NaH2PC^2H20  in p ropo rtions which g a v e  the d es ire d  pH .
When so lid ified  m edium  w as re q u ir e d ,  15 g /1  of Bacto A gar (Difco L a b s ., 
W est M oisey, S u rrey ) was added to the liquid p r io r  to au toclav ing .
(iv ) C ultivation of o rgan ism s
Rm 5 w as grown in a v a r ie ty  of w ay s , both in liq u id cu ltu re  and on 
so lid  m ed ia .
/
(a) Liquid culture
A ero b ica lly  (d a rk ) F o r  th is  p u rp o se  250 m l co n ica l f la sk s  p lugged  
with cotton w ool w ere  u se d . T he f la sk s  w e re  w rapped  in a lu m in iu m  fo il 
and incubated on a ro ta ry  sh a k e r  a t 30° C .
A n aero b ica lly  (light) H e re  250 m l c o n ica l f la sk s  fitted  w ith B19 
ground g la s s  necks and s to p p e re d  w ith  N o .3 7 stan d a rd  tu rn -o v e r type  
Suba-Seals (W illiam  F re e m a n  and C o. L td .,  S ta in c ro ss , B arns ley , Y o rk s )  
w ere  m o st frequen tly  used  a s  cu ltu re  v e s s e ls ,  although s to p p ered  20 m l 
u n iv e rsa l b o ttle s  and s to p p e re d  500 m l b o ttle s  w e re  a lso  em p loyed . T he 
re q u ire d  a tm o sp h e re  in a c u ltu re  v e s s e l  w as ob tained by g ass in g  w ith  
oxygen-free n itrogen  via sy ringe  need les  th rough  the S uba-S eals . F lu sh in g  
w as continued u n til the oxygen conten t ap p ro ach ed  z e ro , a s  d e te rm in e d  
ch ro m a to g rap h ic a lly . Incubation of f la sk s  (g en e ra lly  a t  30° C ) w a s  
e i th e r  on a ro ta ry  shaker o r  in a re c ip ro c a tin g  w a te r  bath . Illum ination  
w as p ro v id ed  by Tungsten lam p s and any e x c e s s  b ea t w as d isp e rs e d  by an 
e le c tr ic  fan . Sm all sc a le  liqu id  c u ltu re s  fo r  o p tica l density  (a b so rb an c e ) 
m e a su re m e n ts  w ere  p re p a re d  by com plete ly  filling  and tigh tly  s to p p e rin g  
1 cm  round topped g la ss  c u v e tte s . Between rea d in g s  the cu v e tte s  w e re  
incubated h o rizo n ta lly  in a w a te r  bath  o r  on a ro ta ry  sh a k e r and 
illum inated  fro m  above.
In c e r ta in  c a s e s  m o re  sp e c ia lise d  a p p a ra tu s  w as re q u ire d  to c u ltiv a te  
Rm  5 and th is  w ill be d e sc r ib e d  w here  re le v a n t.
(b) Solid m ed ia
A erob ically  (d a rk ) C u ltu re s  w ere  inoculated  on to ag a r  p la te s  w hich 
w ere  then w rapped  with a lum in ium  fo ilan d  incubated a t  30° C .
A naerob ically  (ligh t) H e re  m odified 'A naerob ic  Bags' w e re  u se d  
(VVfestmacott and P rim ro se , 1975). Inoculated a g a r  p la te s  w ere  s ta c k e d  up 
to 3 deep , lid s upp erm o st, and  taped to g e th e r . An em pty d ish  w as p la c e d  on 
top o f the stack  to m inim ise condensa tion . Up to  6 s ta ck s  w ere  p la ce d  on a 
27 cm  x 30 cm  p la s tic  tra y  w hich w as co v e red  w ith alum inium  fo il. T h is  
tra y  and a 100 m l beaker contain ing 20 m l of sa tu ra te d  pyrogallo l so lu tion  
w e re  then p laced  inside a 30 c m  x 46 cm  nylon bag of 0 .0 5  m m  th ic k n ess  
(Portex  L td . , Hythe, K en t). Sealing o f  the bag w as im plem ented u s in g  a
'C a lo r  E a sy s e a l ' (T ran sa tlan tic  P la s t ic s  L t d . ). T h e  sea led  bag w as then 
flushed  w ith oxygen f re e  nitrogen via a  sy r in g e  n eed le  in se rte d  th rough  
the n y lo n . A second needle se rv e d  a s  g a s  o u tle t. F lu sh ing  w as continued 
u n til th e  oxygen content of the bag ap p ro a ch ed  z e ro  (as d e te rm in e d  
ch ro m a to g ra p h ic a lly ). 20 m l of a lk a li (10%(w/v)NaOH + 15%(w / v)K 2C 0 3 > 
w as in jec ted  by sy rin g e  through the top o f  the bag into the p y ro g a llo l. A ll 
needle ho les w ere  then sealed  w ith a d h e s iv e  tape and the com pleted  'b a g s ' 
incubated  a t 30° C and illum inated  by tu n g sten  lam ps (Plate 2 .1 ) .
(v) M aintenance of cu ltu res
Stock cu ltu re s  w ere  m aintained in s ta b  c u ltu re s  of PYR/M AL m edium  
in 5 oz v ia ls ( incubacedat 30° C for five d a y s , and s to re d  in the ligh t a t 
room  te m p e ra tu re  th e re a f te r .  D uplicate  s ta b  c u ltu re s  w ere  s to re d  a t 
-20° C . C u ltu res w ere  tra n s fe r re d  once ev e ry  s ix  m on ths .
(v i) C u ltu re  pu rity
T he p u rity  of stock s tra in s  and batch  an d  ch em o sta t liquid c u ltu re s  
w as a s c e r ta in e d  by screaking on p la tes  o f n u tr ie n t a g a r  which w e re  then 
incubated ae ro b ica lly  in the light a t 30° C . Growth ind icated  the  p re se n c e  
of contam inating  o rg a n ism s . C u ltu res  w e re  a lso  re g u la r ly  exam ined  by 
phase  c o n tra s t  m icroscopy  for the p r e s e n c e  of con tam inan ts w hich m ight 
not have grow n on n u tr ie n t a g a r .
(v ii) G as  concen tra tions in cu ltu re  a tm o sp h e re s
A nalyses of cu ltu re  a tm o sp h e res  fo r oxygen, n itro g en  and carbon  
dioxide w e re  p erfo rm ed  w ith a P ye-U nicam  S eries  104 g a s  ch ro m a to g rap h  
fitted  w ith  a k a th e ro m e te r  (therm al co n d u c tiv ity ) d e te c to r .  Two 1.52 
m e tre  co lum ns (4m m  in te rn a l d ia m e te r )  w e re  used , one filled  w ith 
'M o lec u la r  Sieve 5A' (80-100 m esh ) and th e  o ther w ith 'Poropak R ’ (both 
obtained fro m  Phase S eparations L td . ) . T h e  c a r r i e r  g a s  em ployed w as 
helium  a t  a flow ra te  of 20 m ^m in , The sy te m  was o p era ted  a t  a 
te m p e ra tu re  of 50°C  w ith a d e tec to r b r id g e  c u rre n t o f 240 m A . A 0 .5  m l 
gas  sa m p le  was p assed  through each colum n and the re su lta n t peaks rec o rd e d  
on a S m iths Industries L td. S ervoscribe  r e c o r d e r ,  fitte d  w ith an in tegration  
dev ice . 'Poropak R 're so lv e d  the sam ple  in to  a i r  and carbon dioxide
4 7 .
M odified 'an a ero b ic  bags ' (from  W estm aco tt and P rim ro se  1975)
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re sp e c tiv e ly . w h erea s  the 'M o lecu la r S ieve ' se p a ra te d  the a i r  into 
oxygen and n itro g e n . T he m in im um  detec tion  lim its  o f s e p a ra te d  g a se s  
w ere  of the sam e m agnitude a s  those  d esc r ib e d  by H e rb e r t and Holding 
(1972).
(v iii) L ight m ic ro s copy
All c u ltu re s  w e re  exam ined  by p h ase  c o n tra s t m ic ro sc o p y . In itia lly  
work w as p e rfo rm e d  using  a 'L e itz  O rthoplan ' m ic ro sco p e  f itte d  w ith an 
'O rth o m at’ c a m e ra  u n it. but la te r .  how ever> m o st of the w ork involved 
an 'O lym pus E .H . T , '  m ic ro sc o p e  f itte d w ith  a 'PM 6 ' c a m e ra  u n it .
B ac te ria l co lo n ies  on so lid  m edia w e re  exam ined w ith an 'O lym pus 
Model X -T r ' s te re o sc o p ic  m ic ro sc o p e  f itted w ith  a 'PM 6 ' c a m e ra  u n it.
P ho tom icrogra p h s  A ll pho to m icro g rap h s (un less o th e rw ise  s ta te d )  
w ere  taken on Kodak Panatom ic X film  (A .S .A .3 2 ) . F ilm s  w e re  developed 
in Kodak D19 d eve loper a t  20° C fo r 3 m inu tes and fixed in I lfo rd  Hypam 
rap id  f ix e r ,
Slide c u ltu re s  V ario u s  m ethods fo r  cu ltu rin g  m ic ro -o rg a n is m s  
under the light m ic ro sc o p e  have been rev iew ed  by Q uesnel (1969). H ow ever, 
since m o s t o f th ese  m ethods w e re c o m p le x  and needed sk ilfu l m anipulation  
of ap p a ra tu s  and m a te r ia ls ,  a s im p le  technique w as dev ised  to enable 
anaerob ic  grow th of R.m 5 to be follow ed un d er the m ic ro sco p e .
Slides and c o v e rs lip s  w ere  c leaned  by im m ersio n  in ch ro m ic  acid  fo r 
24 h . w ashed w ith  d is tille d  w a te r , and s te r i l iz e d  in abso lu te  e thanol.
A sm a ll d rop  of m olten  a g a r  m edium  w asp u to n  to a s lid e  and a co v e rs lip  
applied im m ed ia te ly . C a re  w as taken to  en su re  the  exclusion of a i r  
bubbles. A fter s e v e ra l  m inu tes the c o v e rs lip  w as gently  rem o v ed  u sing  a 
fine p a ir  of fo rc e p s , leaving a thin unbroken film  o f a g a r . A s m a ll drop 
of liquid c u ltu re , su ffic ien t to g ive su rfa c e  cover only, was then inoculated 
on to the a g a r  and a s te r i le  c o v e rs lip  ap p lied . Any p ro trud ing  a g a r  was 
rem oved  w ith  a r a z o r  b lade and the sy s tem  sealed  w ith a P araffin  Wax: 
V aseline m ix tu re  (1:1 w /w ).
(ix ) E lec tro n  m ic ro sco p y
All p re p a ra tio n s  w ere  o b se rv ed  in an A .E .I .  'C o rin th  275' tran sm iss io n  
e lec tron  m ic ro sco p e  w ith a 50 q a p e r tu re  and an a c ce le ra tin g  vo ltage of 60 kV.
a v
E lec tron  m ic ro g ra p h s  w ere  taken on 70 m m  Ilford  line f ilm , N4E50, 
w hich w as developed in Ilford P hen iso land  fix ed  in K odafix.
Shadowing D rops of sam ple  c o n c e n tra te  w ere  p la ce d  on Parlodion - 
co a ted , 300 m esh , copper g r id s , fixed in OsO ^ vapour fo r  5 m in u tes  and 
e x c e s s  m o is tu re  abso rbed  by f i l te r  p a p e r . O nce d ry , the g r id s  w ere  
shadow ed in an AE1 [E C 9 ] coating  un it with g o ld -p a llad iu m  a t  ang les 
v ary in g  betw een 15° and 45°.
N egative s ta in ing  A s im ila r  p ro c e d u re  to shadow ing w as follow ed. 
D rops of sam p le  co n c en tra te  w ere  p laced  on Parlod ion  -co a te d , 300 m esh  , 
c o p p e r g r id s ,  fixed in O sO ^and ex cess  m o is tu re  rem oved  w ith  f i l te r  p a p e r . 
A drop  of 0 .5%  (w /v ) u ran y l a c e ta te  (pH 4.5) w as  added and im m ed ia te ly  
rem o v ed  w ith f i l te r  p a p e r .
Sectioning The fixation p ro ce d u re  of R y te r  and K e lle n b e rg e r  
(1958) w as follow ed fo r a ll thin se c tio n s . A gar b locks w ere  p re p a re d  ar.d 
dehyd ra ted  w ith e thanol a s  fo llow s:-
30% (v/v )ethanol 15 m inutes
50% (v/v )m ethanol 15 m inutes
70% (v/v )ethanol 30 m inutes
90% (v/v )etnanol 30 m inutes
100% (v /v )e th an o l 60 m inutes
D ehydrated  b locks w ere  then tr a n s fe r r e d  to p ro p y len e  oxide an d  then 
em bedded in A ra ld ite  (A ra ld ite re s in  CY212, 49 g ;A ra ld ite  h a rd e n e r  
D .D .S .A . ,  4 .9  g; d i- tu ty l  ph tha lla te  (DBT) p la s t ic is e r ,  0 .0 7 5  g ; benzyl 
d im ethy lam ine (BDMA ) a c c e le ra to r ,  0 .175  g ) . Blocks w ere  allow ed to 
p o ly m e rise  a t 60° C fo r a t le a s t 2 days.
S ections ( s i lv e r )  w ere  then cu t with a diam ond knife on a R e ic h e r t 
'OM 12' u ltra  m ic ro to m e.
A ll sec tio n s w e re  p o st s ta in e d fo r  20 m in u tes  in 0.5%  (w /v ) u rany l 
a c e ta te , followed by 5 m inu tes in 0.1%  (w /v) le a d  c i tra te  in 0 .1  M NaOH.
(x) S pectropho tom etry
A ll spec tropho tom etry  was p erfo rm ed  with a  Pye-U nicam  SP500, using 
1 cm  ligh t path cu v e tte s . T he op tical densitie s  (ab so rb an ce) o f liquid 
c u l tu re s  and su spensions w ere  m easu red , with dilu tion  w here n e c e s sa ry , 
a t a w avelength of 540nm (pro te in). B acterioch lorophyll w as m easu red  
a t  a wavelength of 890 n m . F o r the determ ination  of in vivo absorp tion
s p e c tr a ,  c e lls  w ere  resuspended  in sa tu ra ted  su c ro s e .
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( x i ) D ry w eights
D ry w eights of liquid c u ltu re s  w e re  m e a su re d  by f iltra tio n  o f a 
su ita b le  volum e of c u ltu re  through p rev io u s ly  d ried  and weighed m em b ran e  
f i l t e r s  (0 .4  p m ) . T h ese  w ere  d ried  u n d e r s im ila r  conditions to th e  fre sh  
m e m b ra n e s  in a 60° G oven and then w eighed . F o r the sak e  of a c c u ra c y  
th e  tim e taken between the rem o v a l of m e m b ran es  from  the  oven and  
w eighing w as kep t co n s tan t.
(x ii)  Swarm  c e ll  se p ara tio n
Two techn iques> both involving f il t r a t io n , w ere  em ployed to s e p a ra te  
sw a rm  ce lls  from  a he tero g en eo u s popu la tion . M otile sw arm  c e l ls  a r e  
unh indered  by p a ssa g e  th rough  tigh tly  packed  g la s s  w ool, w h ereas  n o n - 
m o ti le , appendaged m o th e r c e lls  and m ic ro co lo n ie s  becom e en tra p p ed .
(a ) G lass wool colum n T he technique of W hittenbury and Dow (1977) 
w as em ployed. Separation  of m o tile  sw arm  c e lls  from  a h e terogeneous 
b a tch  cu ltu re  of Rm 5 w as by f iltra tio n  th rough  a quick fit g la s s  colum n 
con tain ing  a l te rn a te  la y e rs  of g la s s  wool and 80 m esh g la s s  ch ro m ato g rap h y  
b ea d s , introduced to p re v e n t s tre a m in g  down the s id e s  of the co lum n . 
S te riliza tio n  of the colum n w as a t 160° C overn ig h t in a d ry  h ea t oven .
T h e  column w as g a s se d  w ith oxygen-free n itro g en  in o rd e r  to p ro v id e  an 
an a e ro b ic  env ironm ent fo r  the c e lls  and m in im ise  p h ysio log ica l shock and 
the  cu ltu re  w as in troduced  to the colum n a t  a flow r a te  o f 30-40 m l p e r  
m in u te . T he f i r s t  5 0m l w as d isc a rd ed  and the subsequent f i l t r a te  w as used  
a s  th e  synchron ised  sw arm  c e ll  p re p a ra tio n .
(b) Syringe technique As w e lla s  the se p a ra tio n  of sw arm  c e lls  (and p a irs  
and sw arm  c e lls )  from  h e terogeneous c u l tu r e s , th is  technique w as a lso  
u se d  fo r  a rap id  but c ru d e  es tim atio n  of c u ltu re  com position . A 50 m l 
sy r in g e  was loosely  packed  with 6 g of w ashed  g la s s  w ool, w rapped  in 
a lum in ium  fo il and s te r i l iz e d  by au toclav ing  a t  121° C fo r  20 m in u te s .
40 m l of cu ltu re  (abso rbance x )  w as pushed through the sy rin g e  and the 
fin a l 6 m l co llec ted  (absorbance y ) .  T he value  of ( y /x x  100) g iv e s  an 
ap p ro x im ate  e s tim a te  of the cu ltu re  com position , i . e .  % sw arm  c e lls  
(o r % p a irs  and sw arm  c e l l s ) .
(x ü i)  C ou lte r coun ter an a ly sis
P a rtic le  coun ts and the frequency  d is tribu tion  of p a r t i c le  volum es 
from  liquid c u ltu re s  w as de term in ed  using aM odel ZBI C oulter co u n te r 
(C oulter E le c tro n ic s  L td ., D unstab le j Beds. ) to g e th e r  w ith a C ou lter 
C hannelyser C1000 and XY R e co rd e r II. C u ltu re  s a m p le s  (10 ».1-100 »1 ) 
w ere  d ilu ted  into known volum es of Isotori (C oulter E le c tro n ic s , L td . ) 
which had p rev io u sly  been f ilte re d  through a 0 .2 2  »m  M illip o re  f i l t e r .  
P a rtic le  counts w ere  m ade im m ediate ly  using  a 20 »m  o r  30 »m a p e r tu re  
tube. F req u en cy  d is trib u tio n s  of p a r tic le  volum es (C o u lte r p ro file s  ) 
w ere  accum ulated  in the ch an n ely ser ov er varying p e r io d s  of tim e b e fo re  
being p rin te d  out on the r e c o rd e r .  All p a r t ic le  co u n ts  w ere  converted
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to co u n ts /m l,an d  volum es to um  using the fo rm ula
V (»m ^) = [(C hannel N° + window width 
100 ) +  B .C .T .]  x T
w here = th resh o ld  fac to r
T h is in strum en ta tion  w as p a r tic u la r ly  u se fu l fo r r a p id  counting and s iz ing
of sw arm  c e lls  in a heterogeneous population a s  die t im e  consum ing p ro c e s
of sep ara tio n  of sw arm  c e lls  from  m icroco lon ies, u s in g  a g la ss  wool
colum n, w as e lim in a ted . Instrum ent se ttin g s m ost com m only  u sed  fo r
counting and disp lay ing  volum e p ro file s  w e re :-
A p e rtu re  20 »m  Lower th resho ld  15
M atching sw itch 40 K Upper th resho ld  50
Base channel th re sh o ld  15
Window width 100
Count ran g e  4 K
A ccum ulation tim e  60 sec
(xiv) P o lyacry lam ide g e l e lec tro p h o re s is
(a) C ell h a rv e s tin g  and rad io  labelling
O rganism s w ere  h a rv e s ted  in the log phase  of g ro w th  by cen trifugation
a t  4° C, w ashed tw ice w ith, and resuspended  in, a s m a l l  volume of 0 .1  M
phosphate buffer (pH 6 . 8). When rad io labelling  of p ro te in  was re q u ire d ,
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the ce lls  w ere  pu lsed  w ith S m ethionine (50-200 » g /m l )  fo r 2-3 h  p r io r
Gain 10 
A m plification  3 
A p e rtu re  c u r re n t  1
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to h a rv e s tin g . (L -[ S] m eth ion ine w as ob ta ined  fro m  the R ad iochem ical 
C en tre , A m e rsh a m , K ent. SJ 204, 200-300 C i/m m o le , 3 - 5 m C i / m l in  
aqueous so lu tio n  contain ing 0.04%  (v /v  ) 2 -m erca p to e th an o l) .
(b) C e ll d is ru p tio n
A ll c e ll  su sp e n s io n s  w ere  d is ru p te d  by p a s sa g e  through a p re -c o o le d  
'Am inco F re n c h  P re s s u re  C e l l ' , ( A m erican  In s tru m en t Com pany S ilver 
Springs, M ary lan d , U .S .A .)  a t  20 ,000  Ib /sq .inand  c e ll  f re e  e x tra c ts  kep t 
a t 4° C .
(c ) P re p a ra tio n  of so lub le p ro te in  fra c tio n  ( S .P .F . )
T he d is ru p te d  c e ll  sam p le s  w ere  cen trifu g ed  a t 38, 000 g fo r 30 min 
at 4° C , (M .S  . E .  C entrifuge 18L, 1 6 x 1 5  r o to r ,  18, 000 r . p .  m , ) and 
the c le a r  su p e rn a ta n t ( S .P .F .  ) r e ta in e d . F o r  s to ra g e  p u rp o se s  the 
S .P .F 's  w e re  f ro z e n  in d ry  ic e /a lc o h o l.
(d) P ro te in  d e te rm in a tio n
T he p ro te in  concen tra tion  in th e S , P, F 's  w as d e te rm in e d  by the Lowry 
m ethod (Lowry e t a l . . 1951). A s ta n d a rd  c u rv e  w as p re p a re d  using bovine 
se ru m  alb u m in .
(e ) D isc g e ls .  6% ( w/ v )  a c r y lam ide
Sample p re p a ra tio n  To fa c ilita te  lay erin g  of sa m p le s  on the g e ls , su c ro se  
solution (60% w /v )  w as added to g ive a  final co n cen tra tio n  of 6%(w/v) , 
P ro te in s in the S .P .F .  p re p a ra tio n  w e re  d isso c ia te d  into polypeptide subunits 
by the addition o f a ca lcu la ted  am ount of 10 % (w /v ) sodium  lau ry l su lphate 
in 0 .0 5  M T r is -H C l  buffer, (pH 7 .8 )  containing 0 .1%  (v /v )  b e ta -m e rc a p to - 
ethanol such th a t the w eight of sod ium  lau ry l su lp h a te  exceeded  the to ta l 
weight of p ro te in  fivefold  (M aizel, 1971). S am ples w e re  then heated  a t 
100° C in a  bo iling  w a te r  bath fo r  a t le a s t 3 m in to e lim in a te  any m e tas tab le  
p rotein  co m p le x e s . Cooled sam p le s  w ere  then loaded on to th e g e J s , Best 
re s u lts  w e re  ob ta ined  by loading 50 ug-100 |ig o f p ro te in  p e r  g e l.
G el rea g e n ts
Buffer so lu tion  A 1 M HC1 48 m l
pH 8.9 T r is  (tri shydroxym ethy l )am ino-
m ethane 36 .3  g
Sodium la u ry l su lpha te  
W ater
0 .2 4  g 
100 m l
Acrylam ide solution B Acrylamide
b is A cry lam ide 0 .4 8 g
W ater 100 m l
T his solution w as f i l te re d  a f te r  p rep a ra tio n  and s to re d  in the dark  a t  4° C. 
In itia to r F re sh ly  p re p a re d  0 , 1 4% (w /v )
am m onium  p e rs u lp h a te  in d is tille d  
w a te r ,
T .E .M .E .D . N ,N ,N ',N 'j  te tram e th y le th y le n ed ia m in e
Gel m ix tu re  T he g e l m ix tu re  was p re p a re d  in sm a ll ic e  cooled f la sk s  and 
com prised
Buffer solution A 5 m l
A cry lam ide so lu tion  B 10m l 
T .E .M .E .D .  0 .023  m l
W ater 5 m l
in itia to r  20 m l
Gel p rep a ra tio n  and e le c tro p h o re s is
G els w ere  c a s t  in p e rs p e x tu b e s > 10 cm  long, 0 .6  c m  in terna] d ia m e te r , 
sea led  a t the bottom  w ith p a ra film  and ru b b er g ro m m e ts . Each tube w as 
filled  to within 1 cm  of the topgiving a g e l rod  9 cm  long . The gel m ix  w as 
then ca re fu lly  o v erla id  w ith  a little  cold d is tilled  w a te r to  g ive a f la t g e l 
su rfa c e . Gels w ere  then le ft to p o ly m e rise  a t room  te m p e ra tu re  un til a 
sh a rp  in te rface  w as ap p a ren t between the g e l su rfa c e  an d  the overlay . T he 
p ara film  s e a l  w as then rem o v ed  and the g e l tube in se rte d  v e rtica lly  into a 
ge l tank co n stru c ted  of p e rsp e x  shee t (W orkshop, U n iv e rs ity  of W arw ick),
The g e l tank a ssem b ly  c o n s is te d  of an up p er tank fitting  on  top of a low er 
tank. The u pper tank had g ro m m et holes in the flow to  a c ce p t the gel 
tu b es. Both u p p er and low er tanks w ere  then filled  w ith e le c tro p h o re s is  
buffer (pH 8 .3 )  com plete ly  im m ersing  the g e ls . E le c tro p h o re s is  buffer 
contained p e r  l i t re
G lycine 28 .3  g
T r is  6 .0  g
3 -m ercap to  e thano l 0 .7 5  m l 
Sodium la u ry l su lp h a te  1 .0  g
C are  w as taken to e lim in a te  a i r  bubbles from  the up p er a n d  lower ge l s u r fa c e s .
24 g
The g e l  tank a s se m b ly  w as then connected  to  a Shandon Southern SAE 
2761 pow er pack with th e  anode connected  to  the  low er tank and the cathode 
to the top tank and the g e ls  p re - ru n  a t 4° C. (in a cold ro o m )  u sing  a 
constan t c u r re n t  of 7 0 m A . The p re - ru n  w as com ple te  when the buffer 
fron t (appears as  in te r fa c e )  reach ed  the bottom  of the g e ls ,  and the g e ls  
w ere  then rea d y  fo r sa m p le  loading. Sam ples w ere  loaded d ire c tly  on to 
the g e l tops through the e le c tro d e  buffer u sing  an E ppendorf p ip e tte . 5 p i 
of track in g  dye ( 0 .1% (W /v)brom ophem l blue +  6 % (w /v )s"c ro se  in a 1 in 20 
dilution of e lec tro d e  b u ffe r)  w as a lso  loaded on to  each g e l .
Running of the g e ls  w as a s  fo llow s. In itia lly  a c u r re n t o f 0 .5  mA p e r  
g e l w as applied fo r  30 m in to  allow the p ro te in s  to e n te r  the g e l. and then 
th is was in c re ase d  to  2 .5  mA p e r  g e l u n til the tr a c k e r  dye rea c h e d  the 
bottom  of the g e ls .
Rem oval of the g e ls  f ro m  the tubes w as p e rfo rm e d  using  a 10 m l p la s tic  
sy ringe filled  w ith w a te r .  T he sy rin g e  need le  w as in se rted  th rough  a sm a ll 
ru b b e r bung designed  to f i t  s e c u re ly  into the top of the g e l tubes and the g e ls  
extruded by applying p o s itiv e  p re s s u re  to the sy r in g e .
G el sta in ing  and d es ta in ing
G els w ere allow ed to s ta in  overn igh t a t ro o m  te m p e ra tu re  in fre sh ly  
p re p a re d  stain  contain ing  (per l i t r e ) :-
C oom assie  b r i l l ia n t  blue R250 1 g
50% (v /v )  aqueous m ethanol 925 m l
G lac ia l a c e tic  ac id  75 m l
They w ere  then d es ta in ed  u sing  s e v e ra l changes of fre sh ly  p re p a re d  
destain ing  solution con tain ing  (per l i t r e ) : -
50% ( v /v ) aijueous m ethanol 925 m l
G lac ia l a c e tic  a c id  75 m l
R e co rd ing  of g e l p a tte rn ;.
T h is w as done in two w ays.
(i) D ensitom etry  T he g e l  pro tein  p a tte rn s  w e re  scanned u sing  a G ilford 
spec tropho tom ete r (G ilford  Instrum ent L a b s ..  Ohio. U .S .A .) .  T he peak 
heights could be u sed  to e s tim a te  p ro te in  concen tra tion  s ince  the stain  obeys 
'B eers Law' over the ra n g e  0 .5  - 20 gg p ro te in  (Smith. 1968).
(ii)  Photography G els w ere  photographed fro m  above b y  im m ers in g  in 
destain ing  solution in a t r a n s p a re n t  p la s tic  p e tr i  d ish  p la c e d  on an X -ra y  
illum inato r (Industrex  X -ray  illu m in a to r, m odel 2, Kodak L td ., London).
A Pentax SP 500 c a m e ra  w as u se d  and Kodak Panatom ic X (32 A .S .A . ) film .
(f) G rad ien t s la b g c is  (exponen tia l) 10% (w/v)-30%  (w /v )  ac ry a lm id e  
T h is technique em ployed a discontinuous ge l sy s tem , (L aem m li, 1970) 
which co n sis ted  of a stacking sy s te m  with sodium  la u ry l su lp h a te  added 
(O rnstein , 1964; D avis, 1964).
Sample p rep a ra tio n  Soluble p ro te in  fraction  (SPT.) s a m p le s  w ere  
p rep a re d  as  p rev iously  d e sc r ib e d .
G el rea g en ts
High b is-A cry lam id e  s to c k :-  A cry lam id e  60 g
bis -A cry lam id e  1 .6  g 100 m l 
W ater
A cry lam id e  60 g 
b is -A c ry la m id e  0 .3  g  ^ 100 m l 
W ater
A cry lam id e  10 g 
b is -A cry la m id e  0 ,5  g |
W ater
T r is  3 6 .6  g 
HC1 (cone . ) 4 .1 3  m l
W ater
T r is  5 .9 8 g  
HC1 (cone . ) 4 ,13  m l
W ater
Stock 200 m l
Low b is-A cry a lam id e  stock
Stacking ge l A cry la m id e :-
Lower g e l b u ffe r:- 
(pH 8 .8 )
Stacking g e l buffer :- 
(pH 6 .8 )
100 ml
100 m l
100 m l
Running buffer
10% (w /v ) sodium  la u ry l 
sulD hate 10 m l
W ater 790 m l
(where stock buffer = 30. 2 g / l i t r e  T r is  + 144 g / l i t r e  g ly c in e ) .
In itia to r :- F re sh ly  p re p a re d  10% (w /v) am m onium  p ersu lp h a te . 
T . E . M . E . D . N )N, N' )N,) te tram ethy le thy lened iam e.
G el m ix tu re s
10% (w/v) g e l m ix  P re p a red  in 100 m l co n ica l flask
High b is -A c ry la m id e  stock 
W ater
Lower g e l buffer
10% Sodium la u ry l su lp h a te  (w /v) 
T .E .M .E .D ,
3 4 .9  m l
10 nl
0 . 5 m l
6 .2 5  m l
8 .3  m l
30% (w/v) g e l m ix  P re p ared  in sc in tilla tio n  v ia l:-
Low b is -A cry la m id e  stock 
G lycero l 75% (w /v)
Lower g e l buffer
10% sodium  la u ry l su lp h a te  (w /v ) 
T .E .M .E .D .
10 .0  m l
0 . 2 ml
4 til
2. 5 m l
7. 3 m l
Both g e l m ixes w ere  sw irled  and  d eg a sse d . In itia to r w as then added
(40 m-1 to  30% (w /v ) g e l m ix and 100 m-1 to 10%, (w /v ) g e l mix ).
G el p rep a ra tio n  and e le c tro p h o re s is
A pparatus s im ila r  to that u se d  by S tudier (1973) w as em p loyed . T he 
g e l s la b  w as m ade between two p la te s  of window g la s s ,  one a re c ta n g le  
25 cm  x 20 cm . and the o th e r th e  sam e s iz e , but w ith  a notch 1 .5  cm  deep 
and 15 cm  long cu t fro m  one of the  20 cm  edges (F ig . 2 .1 ) .  T h e  two p la tes  
w ere  p laced  toge ther w ith the no tch  a t the top and 12 m m  w ide (1 .5  m m  th ick ) 
p e rsp e x  sp a c e rs  w ere  p laced  betw een the p la te s  a t  the  s id e s  and bottom  
ed g es. To en su re  a good s e a l a l l  sp a c e rs  w ere  lib e ra lly  coa ied  w ith 
v ase lin e . T he em pty  sandwich w as then clam ped  to g e th e r  w ith bulldog c lip s  .
T he g ra d ie n t g e l m ix  w as then m ade  and poured  betw een the p la te s  (F ig . 2 .2 ) .  10% 
(w/v)gel m ix w as pum ped a c ro s s  into the 30% (w /v ) g e l m ix in the m ixing cham ber 
(sc in tilla tion  v ia l)  and the bung w as p laced ov er the a i r  o u tle t. T h e  re su ltin g  
p r e s s u r e  build  up fo rced  the g ra d ie n t ge l solution a c r o s s  into the sandw ich 
a p p a ra tu s . 50 m l of solution w as pumped through and into the sandw ich 
ap p a ra tu s  un til the leve l was 3 cm  below the no tch . T h e  g e l  so lu tion  was 
then ca re fu lly  overla id  with w a te r .  A fter the g e l had se t(1  j - 2 ^  h ) the 
overlay ing  w ate r w as rem oved  an d  the degassed  s tack ing  gel m ix  w as added 
using  a sy rin g e . T h is  c o m p ris e d :-
V5
cm
10% (w/v) stack ing  g e l A cry lam ide 
W ater
S tacking g e l buffer
Sodium la u ry l su lpha te  10% (w/v)
T .E .M .E .D .
A m m onium  p e rsu lp h a te  10% (w /v )
5 p i 
0 .1  m l
0 .1  m l
3 .0  m l
4 .4  m l
2 .4  m l
A p e rsp e x  s lo t fo rm e r  w as im m ed ia te ly  pushed  into th e  stack ing  g e l w hich 
w a s  then allow ed to s e t ( j-1  h ) . T he s lo t  fo rm e r  w as then ca re fu lly  
rem o v e d  and the sam p le  w ells  f illed  w ith  running b u ffe r. A ll bulldog c lip s  
an d  the bottom  p e rsp e x  sp a c e r  w ere  rem o v e d  from  the p la te s  w hich w ere  
th en  fastened  to the e le c tro p h o re s is  a p p a ra tu s  (W orkshops, U n iv ersity  
o f W arw ick). T h e  fron t face  of the sandw ich  w as lib e ra lly  coa ted  w ith 
v a s e lin e  and the  sandw ich clam ped  to the ap p a ra tu s  so th a t the no tch  in 
th e  g la s s  p la te  w as next to a s im ila r  no tch  in one s id e  of th e u p p e r buffer 
c h a m b e r . T he pu rp o se  of the v ase lin e  w as to fo rm  a liquid  tigh t s e a l  
an d  p reven t leakage of running buffer f ro m  the top r e s e r v o i r .  Both u p p er 
an d  low er e le c tro p h o re s is  tanks w ere  f ille d  with running bu ffe r and the 
S .P .F .  sam p les  and m o lecu lar w eight s ta n d a rd s  loaded d ire c tly  into the 
sa m p le  w ells u s in g  an Eppendorf p ip e tte  (approx im ately  20 ug-100 ug 
p ro te in  in 50 y,l p e r  w e ll) .
Any bubbles on the bottom  of the g e l w e re  rem oved  by a s tre a m  of 
ru nn ing  buffer f ro m  a cannula w hich w as bent a t the end and a ttach ed  to  a 
10 m l sy rin g e . 5n,lof0.1% (w /\)brom ophenol blue tra c k e r  dye w as added to 
e a c h  of the sam p le  w ells and the g e ls  w e re  run  a t 20 mA co n s tan t c u r re n t 
u n t i l  the dye f ro n t reach ed  the bottom  of th e  g e l. A Shandon Southern SAE 
27t>1 pow er pack w as used w ith the anode connected to the  low er r e s e rv o i r  
an d  the cathode to  the upper r e s e r v o i r .  A fter com pletion of e le c tro p h o re s is  
th e  sandwich p la te s  w ere  rem oved  from  th e  e le c tro p h o re s is  ap p a ra tu s  and 
th e  two rem a in in g  sp a c e rs  rem o v ed . T h e  sandwich p la te s  w e re  then p r is e d  
a p a r t  and the g e l s la b  ca refu lly  t r a n s f e r r e d  to a la rg e  sandw ich box for 
s ta in in g .
G e l sta in ing  and destain ing  G els w ere  com pletely  su b m e rse d  in fre sh ly
jTv/v) (v/v) (w/ v)
p re p a re d  sta in  (45% /m ethanol, 10% /acetic a c id > 0 , 1% /C oom assie b lue) for 
a m in im um  of 3 h . The sandwich boxes w ere  gen tly  ag ita ted  on a ro ta ry  
s h a k e r .
D estain ing follow ed( u s in g a  se t seq u en ce :-
D estain  solution 1. (45^ 'm eihano l, 1 0 ^ iic l t ic  ac id  ) 3 -4  h ,
( v /v ) ’ (v /v )
D estain  solu tion  2. (20% /isopropanol, 10% /acetic a c id )  ov ern ig h t,
( v / v ) ( v J v )
D estain  solution 3 . (lO T^isopropanol, 10%/acetic a c id )  to com ple tion . 
R ecording of g e l  p a tte rn s
Photography G els w e re  photographed from  above by sandw iching  between 
2 g la s s  p la tes  which w ere  then p laced  on an X -ray  illu m in a to r. A Pentax 
SP500 ca m e ra  w as used  andK odak Panatom ic X (32 A .S .A . ) f i lm .
G el drying and au to rad iog raphy  G els em ploying ra d io - la b e lle d  sam p le s  
w ere  d ried  down and au to rad io g rap h ed . T he technique of M a iz e l (1971) 
w as used  for d ry ing  down the g e ls .  T he g e l drying ap p a ra tu s  c o n s is te d  of 
a sh e e t of s u rg ic a l g rad e  s ilico n e  ru b b e r  (1/32" thick ), 12 in c h e s  sq u a re , 
on to which the g e l  w as la id . A p ie ce  of Whatman 3MM f i l te r  p a p e r  w as 
p laced  on top o f the g e l and a p iece of po rous polypropylene w a s  laid  on 
top of tha t, sm ooth  s id e  down. A nother 12 inch sq u a re  of s i l ic o n e  ru b b e r , 
with a 5/16 inch hole in the c e n tre  to accom m odate a s te e l tub ing  connecto r, 
was p laced  on top of the po lypropylene. A vacuum was then a p p lie d  using 
a w a te r a s p ira to r  vacuum  pum p, and th is  sealed  the silicone r u b b e r  around 
the g e l . T he com plete  assem b ly  w as then im m ersed  in a w a te r  bath  a t 
80° C and the g e l  allowed to dry  down (1 -2 h  ).
D ried  down g e ls  w ere  au to rad iographed  using K o d irex X -ray  film  and 
exposed fo r 1 -2 w eeks. A u torad iographs w ere  developed u sing  Kodak DX 
80 X -ray  deve loper and fixed in Kodak F X 40 f ix e r . They w e re  p h o to ­
g raphed  using an X -ray  illum ina to r, a Pentax SP500 ca m e ra  and Kodak 
Panatom ic X f ilm . Q uantitation of au to rad iog raphs was ach ieved  by 
densitom etry  of the developed film . H ere  a C hrom oscan re c o rd in g  and 
in teg rating  d en s ito m e te r  was em ployed (Joyce Loebyl and Co. L td . ,
G ateshead , E ng land).
(g) Two d im ensional gels
T he techn iqueused  w as tha t of O 'F a r r e l l  (1975). P ro te ins w e re  
se p a ra te d  accord ing  to iso e le c tr ic  point by iso e le c tr ic  focussing  in the 
f i r s t  d im ension , and accord ing  to m o lecu lar weight by sodium la u ry l 
su lphate (S .D .S . ) e lec tro p h o re s is  in the second dim ension.
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Sam ple p rep a ra tio n  S .P .F .  e x tra c ts  (rad io lab e lled ) w e re  p re p a re d  as  
p rev io u sly  d e sc r ib e d . H ow ever, p r io r  to  c e l l  d isru p tio n  the p e l le t  w as 
re su sp e n d ed  in ly s is  buffer and not s ta n d a rd  phosphate  b u f fe r .
F i r s t  d im ension Iso e le c tric  focussing  g e l
G el re a g e n ts
L ysis buffer
A cry lam ide
stock
U ltra  p u re  u rea  
N onidet P- 40 
A m pholtnes (pH 3 .5 -1 0 )
B -m ercap to  -e thano l 
W ater
R e c ry s ta llis e d  A cry la m id e  
R e c ry s ta llis e d  b isA c ry la m id e  
W ater
100 m l
G el o verlay  solution
U ltra  p u re  u re a
Sam ple  o v erla y  
solution
In itia to r
E le c tro p h o re s is
buffer
U ltra  p u re  u re a
A m pholines
W ater
A m m onium  p e rsu lp h a te  10% (w /v )
2 .8 4  g 
0 .1 6 2  g \ l 0 0  m l
48% (w/v ) 
5 .4  g '
10 m l
0.01 M H PO -■ 3 4 Anode
C athode0.01 M NaOH
G el m ix tu re  U ltra  p u re  u re a
A cry lam ide stock 
10% (v /v )  NP-40 
W ater 
Am pholines 
T .E .M .E .D .  3 .5  m.1
G el p rep a ra tio n  and e le c tro p h o re s is
The g e l m ix tu re  w as degassed  under vacuum an d  10 u l of in itia to r  
ad d ed . Loading into th e  g e l tubes (g lass tubing 120 m m  x 2 .5  m m  
in te rn a l d ia m e te r  se a le d  a t the bottom  with P a ra li lm )  followed
i
im m ed ia te ly , c a re  being taken to exclude a i r  bubb les. T h e  g e l was 
o v erla id  w ith g e l overlay  solu tion , and a fte r  a fu rth e r  2 h  th is  overlay  
solu tion  w as rem oved  and rep la ce d  w ith 20 nl of ly s is  b u ffe r  and 
fu r th e r  o v e rla id w ith  a  sm a ll am ount of w a te r . When the g e ls  had se t 
(2 h ) the P arafilm  w as rem oved  and the ends of the tubes c o v e red  with 
d ia ly s is  m em brane held in p lace  by a latex g ro m m e t. T h e  g e l tubes 
w ere  then p laced  in a s tan d ard  tu b e g e l e le c tro p h o re s is  c h a m b e r  and 
the ly sis  buffer and w ate r rem oved  from  the g e l s u r fa c e s .  T h is  w as 
rep laced  w ith  20 p.1 of fre sh  ly sis  buffer and the tubes f ille d  w ith  0.01 M 
NaOH. Both upper and low er tanks w ere th en  filled  w ith d eg a sse d  
0.01 MNaOH and 0.01 M H^PO^ resp ec tiv e ly  and connected  to  a 
Shandon Southern SAE 2761 pow er pack . The g e ls  w e re  p r e - ru n  as 
fo llow s:-
200 volts fo r 15 min 
300 volts fo r 30 min 
400 vo lts fo r 30 min
Power w as then tu rned off, the upper tank w as em ptied  and th e  ly sis  
buffer and NaOH rem oved from  the su rfa ce  of the g e ls .
S .P .F .  sam p les  (20-40 |ig /2 0  (il ly sis  b u ffe r) w ere  then loaded on 
using an Eppendorf p ipe tte , and o v erla id  with 10 u l of sa m p le  overlay  
solution and 0.01 M NaOH. T he tank w as then re f ille d  w ith  e le c t ro ­
p h o re s is  buffer and the g e ls  run overn igh t a t 400 v o lts .
To rem o v e  the g e ls  from  the tubes, a 5 m l sy rin g e  w as connected  
to the e le c tro p h o re s is  tube (viaTygon tubing) and the gel w as slowly 
ex truded  by p re s s u re  on the sy rin g e . G els w ere  then e i th e r  loaded 
im m edia te ly  on to  the second dim ension o r  s to red  fro zen .
Second d im ension :-
G el r e a g e n ts . Same a s  fo r the 10% (w/v)-30% (w/v) slab  g e l  as prev iously  
d esc r ib e d . In addition the following w ere  re q u ire d :-
A garose  gel 1 g of ag a ro se  m elted in 100 m l of sam p le  
buffer + 2 m l 0.1%  (w /v) Brom ophenol blue.
62.
Sam ple buffer S tacking g e l buffer 1 .2 5  m l
G ly ce ro l
10% (w./v) sodium  lau ry l
1 .0  m l
su lphate 2 .0  m l
g -m erca p to  -ethanol
0 .1%  (w/v ) Bromophenol b lu e
W ater
0 .1  m l
0. 5 m l
5, 25 m l
G e l m ix tu re  As d esc rib ed  fo r  the 10%(w/v)-3p.% (w /v) slab  g e l. 
G e l p re p a ra tio n , loading and e le c tro p h o re s is
A 1 0 / / -  3 0 % /s la b g e l w as p re p a re d  as  p rev io u sly  d e s c r ib e d . H ow ever,
s in c e  the p e rsp e x  s lo t fo r m e r  w asn o t re q u ire d , the  s ta c k in g  ge l w as 
o v e rla id  with d is tille d  w a te r . T w o P .T .F .E .  tab s w e r e  in se rte d  a t 
e i th e r  end of the stack ing  g e l and th e se , when rem o v e d , s e rv e d  a s  w e lls  
f o r  m o lecu lar w eight m a rk e r s .  Before loading, the iso e lec tric -  
fo cu ss in g  g e l ( I .F .G .  ) w as eq u ilib ria ted  fo r  2 h  in s a m p le  b u ffe r.
O verlay ing  w a te r  w as then rem o v ed  and the I .F .G .  loaded  a s  fo llow s.
It w as p laced  on a p ie c e  of P a ra film , stra ig h ten ed  out, an d  a r ra n g e d  c lo se  
an d  p a ra lle l  to  one edge. M elted  ag a ro se  w as then p ip e tte d  into the  notch  
o f the s la b  g e l  sandw ich and the  P arafilm  u sed  to q u ick ly  t r a n s fe r  the 
c y lin d r ic a l g e l into th is so lu tio n . M olecular w eight m a r k e r s  w ere  
loaded  unto th e w e lls  on e i th e r  s id e  of the I .F .G .  W hen the a g a ro se  had 
s e t ,th e  s la b  g e l w as run as  p rev io u sly  d esc rib ed , u s in g  20 mA co n s tan t 
c u r r e n t .
S tain ing , des ta in in g . drying, au to rad io g rap h y
T his w as a l l  p e rfo rm ed  a s  p rev iously  d esc rib ed  fo r  10% (w /v )-30% (w/v) s lab  
g e l s .  D rieddow n g e ls  w ere  au to rad iographed  using  K o d irex  X -ra y  f ilm .
A co n sid erab ly  longer exposu re  tim e (1-3 m on ths) w as re q u ir e d  how ever. 
A u to rad iog raphs w ere  developed using Kodak OX 80 d ev e lo p e r and fixed 
u s in g  Kodak FX 40 f ix e r . T hey  w ere  photographed on a n  X -ray  
illu m in a to r  u sing  a Pentax SP 500 ca m e ra  and Kodak P anatom ic X f ilm .
(X V ) Continuous cu ltu re
During th is  study  3 d iffe ren t types of continuous c u l tu r e  ap p a ra tu s  
w e re  em ployed.
!
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(a ) Sim ple ch em o sta t (F ig . 2 .3 )
In itia l ru n s  w e re  pe rfo rm ed  using  a cheap ch em o sta t c o n s tru c te d  
of Jobliug g la s s w a re . The bas ic  fe rm e n te r  un item ployed  a 100 m l 
s id e a rm  con ica l fla sk  w ith a w orking volum e of 70 m l. T h e re  w as  
no p rov ision  fo rp H  o r  te m p e ra tu re  co n tro l and a l l  'r u n s ' w ere  
p erfo rm ed  a t 30° C in a w arm  ro o m . A gitation was by m eans o f  a 
m agnetic follow er and illum ination by a tungsten lam p. E x ce ss  h e a t 
g en era ted  by the m agnetic s t i r r e r  and lam p w as tra n sm itte d  aw ay  from  
the fe rm e n te r  by an e le c tr ic ia n .  T he cu ltu re  w as kep t a n a e ro b ic  using 
s te r i le  f ilte re d  oxygen-free n itrogen , and cu ltu re  sam p les w e re  taken  from  
the overflow  using  a sam pling hood and s te r i le  u n iv e rsa l b o ttle s .  
P erfo rm ance of th is ap p a ra tu s , how ever, w as fa r  from  s a t is f a c to ry .  The 
absence of pH co n tro l and sm a ll w orking volum es w ere  la rg e  d isad v an tag es , 
and backgrow th of con tam inan ts from  the sam pling  hood and clogg ing  also  
p resen ted  p ro b le m s.
(b) L .H .E . 2 l i t r e  chem osta t
Two l i t re  continuous c u ltu re s  o f Rm  5 w ere  grown using a L .H .E .  
1/1000 la b o ra to ry  fe rm e n te r  (L .H . E ngineering  Co. L td ., Stoke Poges, 
Bucks, England) fitted  with te m p e ra tu re  and pH co n tro l. The c u l tu re  was 
kept anaerobic using  s te r i le  f ilte re d  oxygen-free n itro g en . L igh t energy  
was supplied  by m eans of a 100 w att tungsten lamp w ith loss of illum ination  
m in im ised by covering  the s id es  of the fe rm e n te r  housing with alum inium  
foil. Incubation w as a t  30° C w ith a s t i r r in g  ra te  of 100 rpm  and  pH was 
contro lled  by the addition of 0 .1  M HC1.
(c) Q uickfit ch em o sta t (Plate 2 .2 , F ig . 2 .4 )
T h is  fe rm e n te r  evolved from  the s im p le  chem ostat and p ro v id ed  a 
cheap and convenient sy stem  fo r following the behaviour of Rm 5 in 
continuous c u ltu re . T he growth v e s se l w as com prised  of a Q u ick fit 
FV1L cu ltu re  v esae lan d  flanged lid, giving a working volum e of 700 m l. 
C ulture te m p e ra tu re  w as con tro lled  by c ircu la tin g  w ate r around th e  w ater 
ja c k e t (a 2500 m l b e a k e r)  using a C hurch ill th e rm o c ircu la to r , and 
agitation by m eans of a m agnetic s t i r r e r .  pH c o n tro l, using g aseo u s  
COj a n d /o r  0 .1  M HCl,was fac ilita ted  by m eans of an e lec trode  coupled
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'Q uickfit' ch em o sta t and an c illa ry  ap p ara tu s
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p Phosphate buffer r e s e rv o i r
pp P e ris ta ltic  pump
PH pH c o n tro lle r  and output to pump
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T T e m p e ra tu re  co n tro lle r
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66.
F i g .  2 . 4
D iagram m atic  rep rese n ta tio n  of 'Q uickfit' chem ostat system
67.
to an in d u s t r ia l  m e te r  and c o n tro l le r .  A naerob iosis w as m aintained 
by a co n s tan t flow (20 m l/m in )  of s te r i le  f ilte re d  oxygen f re e  n itrogen  
bubbling th ro u g h  the c u l tu re . T h e  p r e s s u r e  from  the n itrogen  a lso  
prov ided  a g a s  lift fo r  m ain ta in ing  a co n s tan t cu ltu re  vo lum e.
T he f e rm e n te r  v e s s e l  w as filled  with m edium  and s te r i l iz e d  a t  121° C 
for 25 min w ith  a l l  a c c e s s o r ie s ,  connecting  silicone tubing and 20 l i t r e  
r e s e rv o i r  a n d  overflow  b o ttle s  a ttach ed . F re sh  m edium  re f i l ls  w ere  
pum ped into th e  r e s e rv o i r  fro m  a p rev io u sly  s te r i l is e d  20 l i t r e  supply 
containing phospha te  buffer, via 0 .3  pm  'W hatm an G am m a' in line 
f i l te rs ,  to ex c lu d e  any p o ss ib le  con tam inating  o rg a n ism s . Phosphate 
buffer and s t a r t e r  inocula w ere  in jected  into the fe rm e n te r  v e s se l 
through a S u b aS ea l in a s p a re  p o r t .  C e ll sam p les w e re  w ithdraw n 
through n a r ro w  s ta in le ss  s te e l  tubing a ttached  to a sam pling  hood 
accom m odating  s te r i le  20 m l u n iv e rsa l b o ttle s . C losing off the  g as  
ou tle t on the fe rm e n te r  v e s s e l  enabled  p r e s s u r e  to build  up and so  
push the c u l tu re  out.
(XVI) 15 l i t r e  batch fe rm e n te r  (Plate 2 .3 . F ig . 2 .5 )
’ Rnodom icrobium
C u ltu re  conditions 15 li t re  batch  cu ltu re s  oi/K m  5 w ere  grown 
u n d er d iffe r in g  conditions u sing  a L .H .E .  15 l i t re  fe rm e n te r  (L .H . 
E ngineering  C o . L td ., Stoke Poges, Bucks, E ngland) f itte d  with 
tem p era tu re  an d  pH c o n tro l. A naerob iosis  was attained  by flushing 
with s te r i le  f i l te re d  oxygen-free n itro g e n . Light en erg y  w as provided  
by a 150 w att tungsten  lam p positioned  6 inches from  the fe rm e n te r  v e s s e l . 
By covering  th e  s id es  of the fe rm e n te r  housing with alum inium  fo il, lo ss  
of light and c u l tu re  shading w as kep t to a m inim um . Incubation w as a t 
3C° C with a s t i r r in g  r a te  of 1 00 rpm . T he pH was co n tro lled  w here  
n e c e s sa ry  by th e  addition of s te r i le  0 .1  M HC1 or 0 .1  M KOH.
S te riliza tio n  of the fe rm e n te r ,  filled  w ith m edium , and a ll a c c e s s o r ie s  
a ttached , w as fac ilita ted  by autoclaving a t 121° C fo r 25 m in . Phosphate 
buffer and s t a r t e r  inocula w ere  in jected  into the fe rm e n te r  v e s se l through 
a Suba Seal in a  sp a re  p o r t .  C ell sam p les  w ere  w ithdraw n (by siphoning 
o r  p re s s u re  b u ild  up) through s ta in le ss  s te e l  tubing a ttach ed  to a 
sam pling hoo d .
68.
Plate 2 .3
(A ) 15 l i t r e  batch  fe rm e n te r  and an c illa ry  ap p a ra tu s .
(B) C lose-up  of s ilico n e  g as  detection co il.
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N , CO,
F ig . 2 .5
D iagram m atic  re p re se n ta tio n  of 15 l i t re  batch  fe rm en te r  system  
LEGEND
Ac Acid r e s e r v o i r L Light so u rce
Al A lkali r e s e r v o i r PP P eris ta ltic  pump
BV Bipass valve pH pH flow m e te r  and output to pump
C Cooling f in g e r S Sample po rt
F F il te r  ( 'G am m a' 0 .3  (im) St S tir re r  m otor
G G as f lo w m e te r T T em p era tu re  co n tro lle r
GDC G as de tec tion  coil V F erm en te r  v esse l
Kath K ath e ro m ete r  detec to r X Tap
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G as ana ly sis
D etection o f d isso lved  ca rb o n  dioxide, oxygen and n itrogen  in the 
cu ltu re  was e ffec ted  by adap ta tion  of a m ethod d e sc r ib e d  by Philips and 
Johnson (1961) an d  R o b erts  and  Shepherd (1968). H elium  c a r r i e r  g a s  
w as p assed  a t 2 0 m !/m in  th rough  7 m e tre s  of s ilico n e  tub ing> 1 mm  
in te rn a l d ia m e te r ,  0 .5  m m  w a ll, (Esco R ubber L td .,  G re a t P ortland  S t., 
London) which w as  com plete ly  subm erged  in the f e rm e n te r  liquid and 
co iled  about h o riz o n ta l and v e r t ic a l  a x e s . T he c a r r i e r  g a s  w as in troduced  
into the s ilico n e  c o ilf ro m  th e k a th e ro m e te r  exhaust g a s  o u tle t via 1 .5  m m  
in te rn a l bore te flon  tubing and a g la ss  T  junction  (b ip a s s  v a lv e ) . F ro m  
the s ilicone c o i l  the c a r r i e r  g a s  and sam p le  g a s e s  w e re  in troduced  into 
the 0 .5  m l sa m p le  loop of th e k a th e ro m e te r  by m eans of s im ila r  teflon 
tubing and a c c e s s o ry  coup lings. Sam ples w ere  taken a t r e g u la r  tim e 
in te rv a ls  and to e n s u re  rep ro d u c ib ility  a  s t r ic t  ro u tin e  w as follow ed: -
(a ) C lose b ip a ss  valve V and allow  helium  to flow through  the c o il .
(b) E q u ilib ria te  fo r  2 m inu tes
(c) Inject sa m p le  into colum n (Poropak R o r  M olecu lar S ieve)
(d) Open b ip a ss  valve
The rou tine  w as re p e a te d  a f te r  5 min u sing  a 1] min eq u ilib ria tio n  tim e .
The re su lta n t g a s  peaks w e re  re c o rd e d  on a Sm iths In d u s tr ie s  L td ., 
S ervoscribe  r e c o r d e r ,  fitted  w ith an in teg ration  dev ice  fo r  ca lcu la ting  
the a re a  under ea ch  peak . A ttenuations u sed  w ere
Oxygen 5
N itrogen 100 o r  200
C arbon dioxide 100 o r  200
The d isso lved  n itrogen  and oxygen tensions rem a in ed  co n s tan t fo r  the 
duration of each  ' r u n ' .  T he am ount of carbon  dioxide p re se n t w as 
ex p re ssed  as a p e rc e n ta g e  of the to ta l d isso lved  g a s  a tm o sp h e re .
[C O ,]
i . e .  % C O  = ---------------------------------  x 100
[ n 2 ] + [ o 2 ] +  [ c o 2 ]
C ultu re  sam ple  a n a ly s is
Sam ples w ere  taken  a t r e g u la r  in te rv a ls  and ana ly sed  a s  fo llow s:-
(i ) A bsorbance 540 nm  and 890 nm  
( t i)  pH
(¡.ii) Sw arm  c e ll  count
(a ) V iab le S w a rm ce lls  w e re  s e p a ra te d  u sin g  a g la s s  wool colum n
g la s s  wool plug
15 g la rg e  beads
30 g  40 m esh  heads Column
15 g  la rg e  beads
g la s s  wool plug
T he colum n w as w ashed w ith 5 0 m l of m ed ium . 100 m l of cu ltu re  
w as p assed  down and the f i r s t  25 m l  of e luen t d isc a rd e d . T h e  following 
50 m l w as c o lle c te d ,se ria lly  d ilu te d ( and p la ted  ou t (anaerob ic  b ag ).
(b ) T o ta l C ou lter coun ter
(iv ) Sw arm  c e ll  volum e and C o u lte r  p ro file . C ou lte r c h a n n e ly se r .
(v) D ry w eig h ts . T o ta l c u l tu re . S w a rm c e lls ,
(XVII) C arbon dioxide up take
D eterm ination  of the up take of exogenous carbon  dioxide w as c a r r ie d
14ou t by incubating c e l ls  In the p re s e n c e  of C labe lled  carbon  dioxide 
14
(sodium  [ C ] b icarbonate  w as ob ta ined  from  the R ad iochem ical C e n tre ) 
A m ersh a m > K ent, CFA 3, 56 .5  C i/m m o le , 656 y C i/m g  in d ilu te  
s te r i l iz e d  aqueous so lu tio n ). 1 l i t r e  a s p ira to rs ,w ith  ru b b e r  b lad d ers  
p rov id ing  gas a tm o sp h e re s , w ere  u se d  as cu ltu re  v e s se ls  (Plate 2 .4 ) .
Log phase c e lls  w ere  u sed  to inocu late  the a s p ira to r s  which contained 
700 m l of s ta n d a rd  PYR/M AL m edium  and 0 .1  M phosphate buffer (pH 
6 .8 ) .  A naerob iosis  and inflation o f the b ladder w as effected  by flushing 
w ith oxygen-free nitrogen and then 35 yC i of labelled  carbon dioxide w as 
added to each  cu ltu re  by sy r in g e .
1 m l sam p les  w ere  rem oved  a t re g u la r  in te rv a ls  and label incorporation  
stopped by dilution with 10m l of co ld  10% (w/v ) T .C .A .  T he sam p les
w e re  then f il te re d  on to 2 .5  cm  W hatman G F /C  g la s s  f ib re  f i l te r s  w ashed
(w/v)
th re e  tim es  w ith 5 m l of cold 10% /T .C .A . and d r ie d  overn igh t in a 60° C
o v e n .
Plate 2 .4
C ulture v e s se l u s e d  fo r labelled  CC^ up take  m e asu rem en t
Plate 2 .4
C u ltu re  v e s se l u sed  fo r labelled  CC>2 u p ta k e  m easu rem en t
\
G lass  f ib re  f i l te r s  w e re  counted by im m ersio n  in sc in tilla tio n  
flu id( consisting  of 3 6 g  2-5-d iphenyloxazole p lus 0 .4 5  g 1 ,4 -b is -  
[5 -pheny loxazo le -2 -y l]benzene  d isso lved  in 6 l i t r e s  of to luene p lu s  3 
l i t re s  o f T riton  -X -100 , on a P ackard  3000 s e r ie s  T r i - C a r b  liquid 
sc in tilla tion  s p e c tro m e te r .
(XVIII) Heat r e s is ta n c e  o f 'm in is p o re s '
C e lls  from  the c u l tu re  (containing 'm in is p o r e s ') w e re  h a rv e s te d  and 
w ashed thoroughly w ith  0 .1  M phosphate buffer (pH 6 .8 ) .  E xponentially  
grow ing c e lls  from  a ch e m o sta t w e re  u sed  a s  c o n tro l . Both c u ltu re s  w er 
heat tre a te d  a t 60° C in thin w alled  g la ss  tubes w hich w ere  to ta lly  
im m ersed .0 .1 m l sa m p le s  w ere  taken a t in te rv a ls , s e r ia l ly  d ilu ted  and 
sp read  on to PYR/M AL a g a r  p la te s .  Incubation of the p la te s  w as in 
anaerob ic  bags a t 30° C , with illum ination  of 1000 lux .
Section 3 RESULTS AND DISCUSSION
(a ) Selection of Rm  5 c e lls  w ith a sim plified  c e l l  cy c le  ( 'p a ir s  and
s w a r m s ').
(b) Some c h a ra c te r is t ic s  of p a i r s  and sw arm  (P +  S) c e lls .
(c ) P o lyacry lam ide ge l e le c tro p h o re s is  s tu d ie s .
(d) Continuous cu ltu re  s tu d ie s .
(e) S im plified  c e ll  cy c le . M utation o r  a r e s p o n s e  to an env ironm enta l
s tim u lu s  ?
(f) 15 l i t r e  batch fe rm e n te r  s tu d ie s .
75.
( a ) Selection of Rm  5 c e lls  w ith a s im p lified  cycle
The grow th of R hodom lcrobium  in batch  cu ltu re  has been w ell docum ented 
(Duchow and D ouglas, 1949; D ouglas and Wolf e , 1959; G orlenko, 1969; 
W hittenbury and Dow, 1977), and is c h a ra c te r is e d  by changes in m orphology 
and functional ce ll ex p re ss io n  du ring  sp e c if ic  grow th p h a s e s , A num ber 
of d is tin c t c e ll  types (P late 3 .1 )  can be o bserved
Stalked m other c e l ls , w hich fo rm  cha in s of c e lls ,  which m ay be b ranched , 
giving r i s e  to m u lt ic e llu la r  a r r a y s  o r  m ic ro co lo n ie s .
M otile sw arm  c e l ls , w hich a re  non-appendaged and p e r itr ic h o u s ly  f lag e lla ted . 
E x o sp o res . A ngular r e s t in g  c e lls  w hich a r e  very  r e s is ta n t  to a d v e rse  
conditions.
The behaviour of such a com plex  o rg an ism  in continuous cu ltu re  has  not been 
stud ied .
Sim ple chem osta t
F ig . 3.1 il lu s tra te s  the behaviour of a heterogeneous cu ltu re  of Rm 5 In 
the s im ple  ch em o sta t (working volum e 70 m l, tem p 30° C, illum ination 2500 
lu x ). A m idexponential p h ase  inoculum  of Rm 5 wa s  allow ed to grow  to 
m id-log  phase in the ch e m o sta t ( a b s o r b a n c e .^  ~  1 .8 )  b e fo re  continuous flow 
of f re s h  m edium  was in itia ted  a t the low est p o ssib le  r a te  (7. 8 m l/h  ), Wash - 
out o ccu rred  and when the  cu ltu re  ab so rb an ce  fe ll below 0 .9  it was reb a tch ed  
and allowed to r e c o v e r .  On reach in g  m id -log  phase , continuous flow was once 
again in itiated  and w ash -o u t re -o c c u r re d  . C onsiderab le  w a ll grow th was 
evident on the side  of the fe rm e n te r  and th is  w as continually  rem oved  by 
sc ra p in g . The b a tch /ru n  cyc le  w as rep e a te d  se v e ra l t im e s , and eventually  
a steady  s ta te  w as obtained a f te r  app rox im ate ly  10 days.
Steady s ta te :- a b s o rb a n c e .540 1.02
a b s o rb a n c e g^Q 0.63
pH 8.1
dilution r a te 0. 11 h
In steady  s ta te  th e re  w as an absence  of w all g row th, and m icroscop ic  
exam ination rev ea led  a co n s id erab le  change in cu ltu re  com position . V irtually  
a ll of the m icroco lon ies o r  m u ltice llu la r  a r r a y s  had d isap p ea red , leaving a
*

TIME (days)
F ig- 3 .1
Behaviour of a h eterogeneous cu ltu re  of 'n o rm a l' R m 5  in
continuous cu ltu re . (Sim ple ch em o sta t 30° C 2500 lux
- 1 * * *
dilution r a te  0.11 h ^Steady s ta te  obtained a f te r  rep ea tin g  a
ba tch /ru n  cycle .
M utant se lec tion  ?
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c u ltu re  com posed a lm o st e n tire ly  of sw arm  c e lls  and sw a rm  ce ll-m o th e r  
c e ll  duplexes (p a irs )  (Plate 3 .2 ) .  T he d im ensions of a  s in g le  sw arm  ce ll 
w as , on av e rag e , 1 .5  nm x 0 . 8 nm j w h ereas m a tu re  c e lls  in a 'p a ir ' could 
be as  la rg e  as  3 tim x 1 tim . F ilam en t d ia m e te r  w as c o n s ta n t  and between 
0 .1 5  txm - 0 .2  um ) but f ila m en t length v a ried  and ranged  in length from  
0 .4  um  to 1 .0  pm .
C e lls  from  such a c u ltu re  have a c h a ra c te r is t ic  'C o u lte r  p ro f i le ',  
co m p ris in g  of a  peak and a b ro ad  shou lder (Plate 3 .3 ) ,  T h is  p ro file
3
re p re s e n ts  the sw arm  c e lls  (m ean volum e ~ 0 ,8 2  pm ) and th e  volume 
changes a s so c ia te d  with the s ta g e s  of developm ent, through to  the form ation  
of a sw arm  c e ll-m o th e r  c e ll  p a i r  ( i .e .  sw arm  c e ll m a tu ra tio n , tube and bud 
fo rm ation  ). If p a irs  and sw a rm  (P +  S) c e lls  a r e  allow ed to  g row  to 
s ta tio n a ry  p h ase , m ost of the p a i r s  eventually  s e p a ra te  and a cu ltu re  
com posed  of s in g le c e lls  and s in g le  ce lls  w ith an appendage is  ob se rv ed .
The 'C o u lte r  p ro f ile ' changes and a d rop in c e ll  volum e is  a l s o  evident 
(Plate 3 .3 ) .
In c o n tra s t the 'C o u lte r p ro f i le 'o f  a 'n o rm a l' h e te ro g en e o u s  cu ltu re  of 
Rm 5 .g row ing  exponen tia lly ,is  com posed of a la rg e  sw arm  c e l l  peak and a 
v ery  sm a ll sh ou lder (Plate 3 . 4 ) ,  In such a c u ltu re , sw arm  c e l ls  a re  
p roduced  in la rg e  n u m b ers . H ow ever, a t  any one tim e only a sm a ll 
p e rc en ta g e  a re  developing, and the m ic roco lon ies  have v o lu m e s too high 
to be o b se rv ed  on the sam e s c a le .
T he iso lation  of 'P +  S' c e l ls  would ap p e ar to be a c la s s ic  exam ple  of the 
u se  of continuous cu ltu re  fo r m utan t se lec tio n . M ost gene  m u ta tio n s  a re  
spontaneous and a r is e  during the ac tive  grow th of ce lls  in th e  ab sen ce  of 
known m u tag en s . The frequency  of spontaneous m utan ts in a c u ltu re  com posed 
in itia lly  of w ild type b a c te ria  in c re a se s  lin e a rly  with tim e  when th e re  is no 
se lec tion  fo r o r  aga in st the m u tan ts , If the grow th ra te  ex c ee d s  that of the 
w ild type, the r i s e  of m utant frequency  becom es a c c e le ra te d  a s  tim e 
p ro g re s s e s ,  u n til the cu ltu re  con tains a sm a ll p e rcen tag e  of w ild  types. The 
u se  of continuous cu ltu re  as  a to o l fo r m ic ro b ia l se lec tion  h as  been widely 
rev iew ed  (Veldkamp and Jannasch  , 1972 ; M e ers , 1973 ; Jan n asch  and M ateles, 
1974; H a rd e r  e t a l . .  1977). M utants of Brucella ab o rtu s  (Braun e t a l . .  1951).
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Plate 3 .2
Light p ho tom icrog raphs (phase c o n tra s t)
A heterogeneous population of 'n o rm a l' Rm 5 c e l ls ( co m p ris in g  
sw arm  ce lls  (S )a n d  m u ltice llu la r  a r r a y s  (MA ) before 
continuous c u l tu re .
C ells from  the ch em o sta t s teady  s ta te . C u ltu re  com posed a lm o st 
en tire ly  of p a i r s  (P) and sw arm  c e lls  (S).
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Plate 3 .2
L ight photom icrographs (phase c o n tra s t)
(A) A h eterogeneous population of ’n o rm a l ' Rm 5 c e l ls i com prising  
sw arm  c e l ls  (S )and  m u ltice llu la r a r r a y s  (MA ) before 
continuous c u ltu re .
(B) C ells from  the  chem ostat steady s ta te .  C u ltu re  com posed alm ost 
en tire ly  of p a i r s  (P) and sw arm  c e lls  (S).
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Plate 3 .3
C o u lte r1 p ro file s
(B)
Exponentialgrow th phase P + S c e lls  from  the chem ostat 
s teady  s ta te .
S tationary  phase  P + S c e lls .
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E . co li (Cocito and Bryson, 1958), K leb sie lla  ae ro g en es (R igby e t a l . . 1974) 
have been se le c te d  u sing  th is  technique. C hem ostat se lec tio n ,o n  the b as is  
of d iffe ren ce s  in th e  re sp o n se  of Pseudom onas sp  a n d S pirill u m  sp to m ore 
than one en v iro n m en ta l fa c to r, h a s  been il lu s tra te d  by the w o rk  of H arder 
and V eldkam p (1971).
F u r th e r  w ork d esc rib ed  la te r  in this th e s is  using batch and continuous 
cu ltu re  techniques suggests  tha t P + S c e lls  a r e  not n e c e s s a r i ly  m utan ts, 
and m ay be p roduced  as  a re sp o n se  to an en v ironm en ta l s tim u lu s , e .g .  they
can be es tab lish ed  by the grow th  of Rm 5 in the  p re se n ce  of h igh  CO, >
4 ico n cen tra tio n s (2. 5 x 10 p .p .m .  ).
Many of the c e l l  p a irs  from  th e  steady s ta te  ch em o sta t w e re  actively  
m o tile . E lec tron  m ic ro sco p e  s tu d ies  re v e a le d  that th is  w as due to  the 
p re se n c e  of p e r itr ic h o u s  flag e lla  on one of the c e lls  m aking up the 'p a ir '
(Plate 3 .5 ) .
U n lik e 'n o rm a l' vegeta tive  c e lls ,  c ro s s  w a ll 'p lugs ' s e p a ra tin g  the two 
c e lls  w ere  n ev e r o b se rv e d . P +  S c e lls  obtained from  the s te a d y  s ta te  
conditions of the ch e m o sta t w ere  reasonab ly  s ta b le . Log p h a s e  c e lls  could 
be subcu ltu red  m any tim es befo re  su b s ta n tia l num bers of m ic ro co lo n ie s  and 
chains began to re a p p e a r .  H ow ever, subcu ltu ring  of s ta t io n a ry  phase ce lls  
p rom oted  a m o re  ra p id  rea p p ea ran c e  of m u ltice llu la r  a r r a y s .
L ikew ise on a g a r  p la tes  they a r e  stab le  and rem ain  in the P + S condition.
C ells fro m  a P + S c u ltu re , how ever, g ive r i s e  to colonies of to ta lly  d iffe ren t 
m orphology from  th o se  of 'n o rm a l ' vegetative c e l ls .  P + S co lo n ies  a re  
sm ooth, p a lea n d  h a v e a  re g u la r  ou tline. They a r e  m ucoid and easily  
d isru p te d . M u ltice llu la r a r r a y s  g ive r is e  to d a rk e r , p itted , m a tt colonies 
w h ic h a re  i r re g u la r ,  tigh t and d ifficu lt to d is ru p t (Plate 3 .6 ) .
M easu rem en t o f the In vivo absorp tion  sp e c tru m  of the P +  S ce lls  
showed tha t the a l te re d  p igm entation of the co lon ies on p la te s  w as not due 
to a change in p igm en t com position . Both 'n o rm a l' h e terogeneous Rm 5 and 
P +  S Rm 5 have id e n tic a l absorp tion  sp e c tra  w ith caro teno id  peak s at 460,
492 and 526 nm , and bac te rioch lo rophy ll a peaks a t 375, 596, 807 and 875 
nm (Fig. 3 . 2 ) .
P la te  3 .5
(Bars = 1 nm )
E lec tro n  m ic ro g rap h s
(A) N egatively stained (u ran y l ac e ta te )  m other c e ll  (M )/d au g h te r c e ll (D) 
duplex o r 'p a ir ', illu s tra tin g  the p re se n ce  of p e r itr ic h o u s  flage lla  ( F ) .
(B) Single flagellum  sta ined  w ith u ran y l a c e ta te .
(C ) Gold palladium  shadowed 'p a i r '.
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P late 3 .6
(Bar = 1 cm )
Colony m orphology of P +  S and 'n o rm a l' c e lls  of Rm 5. C ells 
incubated an aero b ica lly  (anaerobic bag) fo r  14 days a t 30° C 
w ith inciden t illum ination  of approxim ately  1000 lux.
Plate 3 .6
(Bar = 1 cm )
Colony m orphology of P + S and 'n o rm a l ' c e lls  of Rm 5. C ells 
incubated anaerob ically  (anaerob ic  bag) fo r  14 days a t  30° C 
w ith incident illum ination of approx im ate ly  1000 lux.
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F ig . 3 .2
vivo absorp tion  sp e c tra  of R hodom icrobium  Rm 5 P + S c e lls  and 
'n o rm a l' c e l ls ,  grown un d er photosynthetic cond itions. C ells  w ere  
resu sp en d ed  in sa tu ra te d  su c ro se  so lu tion .
!
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P ossib le  rea so n sw h y  P+  S co lon ies ap p e a r lig h te r  co lou r a r e > f i r s t ly ,  
the c e lls  a r e  le ss  tightly packed a s  su g g ested  by the m ucoid n a tu re  of the  
co lo n ies  and ,secondly , they contain a h ig h e r  num ber of sw arm  c e lls  w hich 
a r e  known to be im m atu re  and lacking in photosynthetic m e m b ra n e s .
P +  S grow th and developm ent
As in 'n o rm a l' vegeta tive c e ll  d ev e lo p m e n t rep roduction  of P + S c e lls  
is by bud form ation  ( i .e .  te rm in a l sw ellin g  of the f ila m e n t) . T h e  daughter 
c e ll  upon m a tu rity , how ever, does not re m a in  a ttached  to  the f ila m en t but 
is r e le a s e d .  T he m echanism  is id en tica l to sw arm  c e ll  r e le a s e  fro m  m ic r o ­
co lo n ies  and is synonym ous with b inary  f is s io n . T h is  c o r re sp o n d s  to 
d augh ter c e ll  r e le a s e  in H yphom icrobium  (Mevius, 1953) and C au lo b acte r 
(Poindexter, 1964;T e r ra n a  and Newton, 1975).
T h e  grow th and developm ent of P + S c e lls  has been follow ed by  s lid e  
c u l tu re s .  Slide cu ltu re s  on PY R /M A Lm edium  w ere  p re p a re d  and inoculated  
with an exponentially  grow ing P +  S c u l tu re .  Light (1000 lux) w as p rov ided  
by a 60 w att tungsten lam p and grow th o f th e  cu ltu re  w as follow ed through 
s e v e ra l  g e n e ra tio n s . T he generation  t im e ,  from  in itiation  of f ila m en t 
sy n th e ses , through bud form ation to m a tu r ity , w as in the reg ion  of 6 to 8 h . 
V aria tio n s in the generation  tim es w e re  ap p a ren t and c o n s id e red  to be a 
consequence of g row th, under non -idea l cond itions. T he oxygen tension  w as 
inconsis ten t, a s w a s  the light in tensity  w hich  was in c reased  when pho tographs 
w ere  taken , (It w as e s se n tia l to u se  a gxeen filte r on the m ic ro sc o p e , o th e r ­
w ise  inhibition of c e ll  grow th o ccu rred  a f te r  the f i r s t  generation  ) . T he 
behav iour of P + S c e lls  in slide  cu ltu re  is  shown in P late 3 .7  and F ig . 3 .3 .
The grow th  sequence is a lso  illu s tra te d  by e lec tro n m icro g rap h s  (P late 3 .8 ) .  
Unlike sw arm  c e lls  iso la ted  from  a 'n o rm a l ' vegeta tive c u ltu re , sw arm  
c e lls  fro m  a P +S cu ltu re  can only fo rm  rep ro d u c tiv e  filam en ts  fro m  one 
po le . A fter m atu ration  of the sw arm  c e l l  (i . e .  flage lla  shedding, sy n th e s is  
of m em brane  lam ellae  andg row th ), the new  filam en t is alw ays sy n th e s ise d  
a t the point of detachm ent of the sw arm  c e l l  from  the m other c e ll  filam en t.
As m entioned e a r l ie r ,  the m other c e ll and  daughter ce ll, co m p ris in g  a 'p a i r ' ,  
have n ev e r been observed  to be se p a ra te d  by a c ro s s  w all 'p lu g '.
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Plate 3 .7
Phase c o n tra s t pho tom icrographs of the grow th and developm ent o f 
P +  S c e lls  in s lid e  cu ltu re .
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Plate 3 .8
(Bar = 1 ¡¿m )
Grow th sequence o fsim p lified  R m 5 ce lls  illu s tra te d  by e lec tro n  m ic ro ­
g rap h s  (gold-palladium  shadow s).
(a) Sw arm  ce ll m aturation
(b )  (c )(d ) F ilam en t syn thesis
(e )(f )  Bud form ation and developm ent
(g) D aughter c e ll m atu ration . 'P a ir ' fo rm a tio n .
(h )  (i) D aughter ce ll s e p a ra tio n .
(h’)(i' ) Initiation ofnew bud form ation u n d er fa s t grow th conditions b efo re
r e le a s e  of the f i r s t  sw arm  ce ll has been effected . 'T r ip le t fo rm a tio n ’.
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F ig . 3 .3
D iag ram m atic  re p re se n ta tio n  of the grow th p a tte rn  of the 
individual c e ll  (A) il lu s tra te d  in P late 3 .7 . showing the 
d e riv a tiv e  c e lls .
9 0 .
Under fa s t g row th conditions ( i .e .  g enera tion  tim e s  of ap p rox im ate ly  
4 h ) in liq u id  m ed ium ,m otile  't r ip le t s ' a r e  often o b se rv e d . T h is o cc u rs  
when new bud fo rm ation  is in itia ted  by the appendaged m o th e r c e ll  befo re  
r e le a s e  of the m o tile  sw arm  c e llh a s  been effec ted . C u ltu re s  of P + S c e lls  
have n ev e r been o bserved  to sp o ru la te . The induction of sporu la tion  in 
th e se  ce lls  w as a ttem p ted , by resuspend ing  log p h a se  P + S c e lls  in c e n tr i -  
fu g ed > c e ll  f re e  s ta le  m edium  from  a 'n o rm a l' h e te ro g en eo u s  cu ltu re  which 
had sp o ru la ted . S evere  d isrup tion  of the c e llu la r  d iv ision  p ro c e s s e s  
o c c u rre d , re su ltin g  in the form ation of sm a ll and  m a lfo rm ed  c e lls  (Plate 
3 .9 ) .  E xospores w ere  not ev iden t.
It can th e re fo re  be seen that by the u se  of a ch e m o sta t it is p o ssib le  to 
obtain c e lls  of Rm5 w ith unusual p ro p e r tie s  and a s im p lified  life cyc le  
(F ig . 3 .4 ) ,  i . e .  u n d er the d esc rib ed  cond itions,m ic roco lony  form ation  is 
n o t a p re re q u is ite  fo r  sw arm  c e ll sy n th e s is . T h is  developm enta l cyc le 
b e a rs  a very  c lo se  re se m b la n ce  to that obse rved  in H yphom icrobium  
(L e if son, 1964), It is  p ossib le  to d e riv e  the s im p lif ied  Rm 5 c e lls  from  a 
m icrocolony  s itu a tio n , since  m o ther ce ils  which p ro d u ce  sw arm  ce lls  a r e  
p re s e n t  in a l l  unbranched  chains of ce lls  and m ic ro co lo n ie s , during  the 
exponential phase of g row th . Should one of th ese  c e lls  be ex c ised  from  
th is  position , it would es tab lish  a P + S  type s itua tion  (F ig . 3 .5 ) .
Why does the P + S  situation a r is e ,  and what c a u se s  it, a r e  two questions 
th a t have to be an sw ered .
It has been shown (Dow, p e rso n a l com m unication ) tha t,du ring  the n o rm a l 
vegeta tive  grow th of R m  5 in batch cu ltu re , a m o th e r c e ll  is not preconditioned  
in its  behaviour, andean  g ive r is e  to e ith e r  a n o rm a l daugh ter c e ll  (division 
by 'p lu g 'fo rm atio n  in a filam en t) o r  a m otile sw arm  c e ll  (co n stric tiv e  fission  
w ith absence of 'p lug ' fo rm a tio n ) o r  both types of c e l l ,  A m o ther ce ll, 
th e re fo re , has the capac ity  to change its mode of d iv is io n . T h is  change of 
ex p ressio n  m ay be induced, a s  la te r  work in d ica tes , by env ironm enta l 
fa c to rs  (light, pH, but m ore  probably  carbon d iox ide) (F ig . 3 .6 ) .  If the 
stim u lus fo r sw arm  c e ll  production is m aintained (i . e .  by grow th in a ch em o ­
s ta t )  it is possib le  to se le c t out ce lls  with the s im p lified  cy c le , i . e .  P +  S 
c e l ls .
I
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P late 3 .9
(Bar = 1 y,m)
E lec tron  m ic ro g ra p h s  (gold pallad ium  shadow s) of sm a ll and 
m alfo rm ed  c e lls  induced by resu sp en d in g  exponentia lly  grow ing 
P +  S ce lls  in the s ta le  g row th m edium  which had allow ed 
sporu la tion  of a 'n o rm a l 'c u l tu re .
92.
F ig .3.4
D iagram m atic rep resen ta tio n  of the Rm 5 s im plified  c e ll  cy c le . Sw arm
c e ll  form ation  in the absence of m u ltice llu la r a r r a y s .
s sw arm  ce il m m other c e l l
f f lage lla ts tube (filam e n t)  sy n th e s is
bf bud form ation d daughter c e ll
Fig. 3,5
D iag ram m atic  rep resen ta tio n  of the excision of a sw arm  ce ll from  a 
m u ltice llu la r  a r ra y  (m e). P ossib le derivation of sim p lified  c e lls .
93.
F ig . 3 .6
D aughter c e ll  (D) form ation  by a m o th e r c e ll  (M ). D ivision p ro c e s s e s  
av a ila b le .
( i)  D ivision by 'p lug ' fo rm ation  to g ive  r is e  to n o rm a l daughter c e lls  
D 1 • ° 2  . ° 3  •
( ii)  Division by co n s tric tiv e  fission  with the ab sen ce  of 'p lug ' fo rm ation  D4>
Is the mode of division influenced o r  reg u la ted  by env ironm en ta l fa c to rs  ? 
(L ight, pH, te m p era tu re , C O ,,).
94.
A lterna tive ly , ce lls  with the sim plified  cyc le  m a y  be m u ta n ts . A 
m o th e r cell,which is unable to divide by plug fo rm ation  because  of a m u ta tio n > 
would be expected to g ive r i s e  to P + S c e lls . It is a ls o  p o ss ib le  th a t the 
ch em o sta t h as  se lec ted  out c e lls  with a sligh tly  f a s te r  grow th r a te  than 
'n o rm a l '.
Che m ight expect Rm5 to behave 'n o rm a lly ' in a ch e m o sta t (steady  s ta te  
com posed of m ic ro co lo n ie s , chains and sw arm  c e l l s )  but th e re  a r e  s e v e ra l  
r e a so n s  w h y 'n o rm a l' vegeta tive ce lls  a re  not idealty  su ited  to grow th 
u n d er these  conditions. F irs t ly ,  n o rm al c e ll grow th is alw ays accom panied  
by co n s id erab le  w all grow th on the side of the c u ltu re  v e s se l, and th is  h as  
the effec t of reducing  the am ount of light energy a v a ila b le  to the c e lls  in 
suspension . Secondly, m icroco lon ies and chains a r e  com posed of la rg e  
nu m b ers  of c e lls ,  and so the w ash-out of ju s t  one m ic ro co lo n y  in continuous 
cu ltu re  could r e s u l t  in the lo ss  of many viable u n its .
(b) Some c h a ra c te r is tic s  of p a irs  and swarm  (P + S) c e lls 
A naerobic grow th in liquid m edium
R hodom icrobium has been grown on a varie ty  of ca rb o n  so u rce s  including 
b icarbonate , py ruvate , m ala te , lac ta te , ace ta te  and e thano l (M urray  and 
D ouglas, 1950; M orita  and Conti, 1963; T ren tin i and S ta r r ,  1967;
W hittenbury andDow, 1977).
F ig . 3 .7  illu s tra te s  the grow th of Rm 5 P+ S c e lls  on the two b e s t carbon  
so u rc e s , sodium  pyruvate and sodium  hydrogen m a la te . Log ph ase  c e lls  
from  a steady  s ta te  chem ostat w ere w ashed tw ice (0.1 M phosphate buffer, 
pH 6 .8 )  and resuspended  in fre sh  medium Growth of th e  c e lls ,  in tigh tly  
stoppered  g la ss  cu v e ttes , w as followed by m easuring  th e  abso rbance  a t 
540 nm . An incubation te m p era tu re  of 30° C, and an inc iden t light in tensity  
of 2000 lux w as u se d . A lag phase  of approxim ately  6 h w as ob se rv ed  which 
m ay be a ttr ib u ted  to the physiological shock im posed by cen trifugation  and 
w ashing. As has been found fo r c e lls  growing in the 'n o rm a l ' cyc le , m a la te  
and py ruvate  w ere  the best individual carbon so u rce s , w h ils t  a m ix tu re  of 
the two su rp assed  e ith e r  (Table 3 .1 ) ,
F ig . 3 .7
Growth c u rv e s  of Km 5 P +  S c e lls  on sodium  hydrogen m a la te  only (O) 
sodium  p y ruvate  only (o )  t and a com bination of sodium  p y ru v a te  and
i'v)
sodium  hydrogen m a la te . Each carbon so u rc e  v 'as a t a concen tra tion  of 
1 .5  g /1  (w /v ) in m in e ra l s a lts  m edium  (30° C, 4000 lu x ).
C om parison of grow th r a te s  ,(P +- S ce lls  v e rsu s  'n o rm a l' c e l l s  )
The grow th r a te s  of P +S  c e lls  and 'n o rm a l' vegetative c e l l s  w ere  
com pared  by grow ing the o rg an ism s under iden tical co n d itio n s . Two 
1 l i t r e  a s p ira to rsh a v in g  a com m on gas a tm osphere  (Plate 3 .1 0 ,  F ig . 3. 8) 
w e re  used  fo r  th is  pu rp o se . A naerob iosis was effected by flu sh in g  with 
oxygen-free n itrogen  and ag itation  was provided by a m ag n e tic  s t i r r e r .
T he te m p era tu re  w as m ain ta ined  a t 30° C and illum ination w a s  provided  
by a 100 watt tungsten lamp (4000 lux). To check w hether th e  CC>2 tension 
had any effect on the grow th r a t e s > the experim en ts w ere  r e p e a te d  w ith 
100 m l of CC>2 added to the a tm o sp h e re s . Optical density  (ab so rb an ce  
540 nm ) aga inst tim e  was p lo tted  (F ig s .3 .9  and 3 . 10)( and c e l l  doubling 
tim es  e s tim a te d fro m  the grow th cu rv es (Table 3 .2 ) .  R e p e a t ex p e rim en ts  
gave s im ila r  r e s u l ts  (Table 3 .3 ) .
T he varia tion  in the r e s u lts  is a reflec tion  of the vary ing  oxygen tension 
a consequence of the  p e rm eab ility  of the ru b b er b ladder to  a i r .  Oxygen 
tensions of between 1%Aand 4% w e re  apparen t a t the end of th e  ex p e rim en ts . 
H ow ever, s ince  both cu ltu res  w ere  subjected  to the sam e cond itions ( i .e .  sa m e  
oxygen tensions) , com parison  between the two cu ltu res  in e a c h  ex p e rim en t 
can be ju s tified ,u n le ss  they d iffe r in th e ir  oxygen se n s itiv ity .
It can be concluded, th e re fo re , that under these  cond itions P +  S c e lls  
grow  fa s te r  than 'n o rm a l'v e g e ta tiv e  ce lls  and, in addition, in c re a s in g  the 
C 0 2 tension in the cu ltu re  a tm o sp h e re  in c re ase s  the grow th r a t e  of both c e ll 
ty p es . The la tte r  is  fu rth e r  supported  by the observation th a t,o n  so lid  m edia 
colony growth of Rm 5 is stim u la ted  by enriching the a tm o sp h e re  of the 
anaerob ic  bag with C 0 2>
E ffect of light in tensity  on grow th
Growth of P + S ce lls  a t d iffe ren t light in ten sities  was s tu d ied  using 
duplicate  cuvette (1 cm  light path length) c u ltu re s . Log p h a s e  ce lls  w ere  
resuspended  in f re s h  m edium , (PYR/MAL, 0 .1  M phosphate buffer, pH 6 .8 ) ,  
and th e ir  growth followed in stoppered  g la ss  cuvettes by m e asu rin g  
abso rbance a t 540 nm . A range  of incident light in ten s itie s  w e re  obtained by 
a rran g in g  the c u ltu re s  a tv a r io u s  d istances from  a 100 w att tungsten  lam p. 
Incubation w as a t 30° C, and ex cess  heat from  the lamp w as d iss ip a te d  by
TABLE 3.1
E ffec t of m edium  com position  on P+  S c e ll  doubling Cime (30°C . 2000 lux)
C u ltu re  m edium C ell doubling tim e  (h )
PYR/M AL 8.0
PYR 9 .5
MAL 25.0
C e ll doubling tim e s  fo r
TABLE 3 .2
'n o rm a l ' and P + S c e lls  (30°C 4000 luxl
C e lls
Doubling tim e (h ) 
N orm al a tm o sp h e re
Doubling tim e  (h ) 
E n rich e d  CO,, a tm o sp h e re
P + S 5 .0 4 .7
'N o rm a l' 5 .3 5 .0
TABLE 3 .3
C e ll doubling tim e s  fo r  'n o rm a l' and P + S c e lls . R epea t. (30°C 4000 lu x )
C ells
Doubling tim e  (h ) 
N orm al a tm o sp h e re
Doubling tim e  (h ) 
E n rich ed  CO,, a tm o sp h e re
P + S 6 .6 4 .3
P + S 5 .5 5 .0
'N o rm a l' 6. 2 5 .7
98.
Plate 3 .10
A pparatus u se d  to com pare  the grow th r a te s  o f R m  5 P + S  
ce lls  and 'n o rm a l' c e l ls .  1 l i t re  a s p ira to rs  w ith a  common 
gas a tm o sp h e re .
B la d d e r
Stirrer
Fig- 3 .8
Diagrammatic representation of Plate 3. 10
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Plate 3 . 10
A pparatus u sed  to co m p are  the grow th  r a te s  o f R m  5 P +  S 
c e lls  and ’n o rm a l’ c e l ls .  1 l i t r e  a s p ira to r s  w ith a common 
g a s  a tm o sp h e re .
Fig- 3 .8
Diagrammatic representation of Plate 3 .1 0
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F ig . 3 .9
Growth cu rv es of Km 5 P + S ce lls  ( •  ) and 'n o rm a l' heterogeneous 
c e lls  ( o )  cu ltu red  under identical conditions (PYR/MAL m edium  +  0 .1  M 
phosphate buffer^ pH 6 .8 > 30° Ct 4000 lux ).
f
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F ig. 3 .10
G row th cu rves of R m 5  P + S c e lls  ( * ) and 'n o rm a l' c e lls  ( o )  
c u l tu re d  under iden tical conditions (PYR/M AL m edium  + 0.1 M phosphate 
pH 6 .8 > 30 C 4000 lux ). Carbon dioxide (100 m l)  w as added 
to the cu ltu re  a tm o sp h ere .
an e le c tr ic  fan. H ow ever, due to excess heating by the illum ination  so u rc e , 
a  m axim um  incident ligh t in tensity  of 2400 lux w as em ployed. A s  expected , 
in c re a se d  illum ination of the cu ltu re  led to an in c re ase  in g ro w th  ra te  
(F ig . 3 .1 1 ) .  F ig . 3 .1 2  shows th is m ore  c le a rly . Light s a tu ra tio n  (the 
ligh t in ten sity  a t  which any grow th ra te  in c re ase  becom es s u p p re s s e d  by 
an in c re a se  of illum ination) has been closely  approached but no t re a c h e d .
In Rhodopseudom onas sp h ero id es and R . p a lu s tr is  this light sa tu ra tio n  h as  
been o b se rv ed  a t about 10,000 lux (S istrom , 1962a! D .W estm acott, p e rso n a l 
com m unication  ) w hilst in R hodosp trill um ru b ru m  it is som ew hat low er, a t 
about 4000 lux (Holt a n d M a rr , 1965).
Light lim itation  of P +  S c e ll  g row th w as th e re fo re  ap p a ren t a t  a l l  the 
inciden t ligh t in ten sitie s  stud ied . T he doubling tim e is ap p ro ach in g  infinity 
a t z e ro  lux  (i . e .  the c e lls  a r e  unable to grow  anaerob ically  in th e  d a r k ) .
At 2400 lux  the c e lls  a r e  approaching th e ir  th eo re tica l m inim um  doubling 
tim e a t3 0 °  Con PY R /M A Lm edium . The value of th is can , in th e o ry , be 
ex trap o la ted  from  a re c ip ro c a l  plot of doubling tim e (DT) ag a in s t ligh t 
in tensity  (L I) (F ig . 3 .1 3 ) .  A s tra ig h t line can be drawn through th e  light 
in tensity  po in ts , 1000 lux and g re a te r  (solid lin e ) . T his has a l in e a r  
re g re s s io n  coeffic ien to f 0 .947  and a slope of -0 .0102, giving a th e o re tic a l  
m inim um  doubling tim e of 1 /0 .2099  = 4 .9  h . However, a s t r a ig h t  line 
with a lin e a r  reg re ss io n  coeffic ien t of 0 .988  and a slope of -0 .0 4 8 0  can 
a lso  be draw n through the rem ain ing  points (dotted lin e ) . Such r e s u l t s  
would ind icate that below 1000 lux the doubling tim e is lim ited  by a fac to r  
o the r than ligh t. L a te r re s u lts  (Section 3d) indicate that Rm 5 c e l l s  
respond  to  a d e c re a se  in incident illum ination by an Increase  in p h o to - 
synthetic m em brane conten t. It is p o ssib le , the re fo re , that in th is  
experim en t the incident light in tensity  of 1000 lux re p re se n ts  the p o in t a t  
which the c e lls  have reach ed  th e ir  maximum m em brane conten t. Relow 
th is th resh o ld  they a re  unable to com pensate for fu rth e r  light in te n s ity  
reduction by additional m em brane syn thesis ( e .g . between 2400 lux  and 
1000 lux the grow th ra te  of the ce lls  is lim ited by light intensity  but the 
c e lls  a r e  ab le  to com pensate to a ce rta in  extent, and reduce the e ffe c t, 
by an in c re a se  in photosynthetic m em brane content. Below 1000 lux the 
ce lls  a r e  unable to com pensate for fu rth e r light reduction by in c re a s in g  
the photopigm ent con ten t).
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F ig . 3,11
G row th cu rv e s  of Rm 5 P + S c e lls  cu ltu red  a t  d iffe ren t inc iden t light 
in ten sitie s
(PYR/M AL m edium  + 0 .1  M phosphate buffer> pH 6. 8 30° C ) .
i
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F ig . 3 .12
G raph  of Rm 5 P +  S ce ll doubling tim e ag a in st incident light in tensity . 
(Doubling tim es w ere  es tim ated  from  F ig . 3 .1 1 ) .
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F ig . 3 .13
R ecip ro ca l p lo t of doubling tim e (DT) ag a in st incident ligh t in tensity  (L I)
CCL production  by P + S and  'n o rm al'h e te ro g en eo u s Rm 5 c e lls
T he CC>2 production by Rm 5 grow ing an aero b ica lly  in the  light, in 250
m l fla sk s , w as follow ed. Log phase ce lls  (P + Sand 'n o rm a l ' ) w ere
resuspended  In 100m l of f re s h  m edium , (PYR/MAL + 0 .1  M phosphate
buffer, pH 6 .8 )  the flasks being m ade anaerobic by flushing w ith oxygen
o
fre e  n itro g e n . Incubation w as a t 30 C and incident illum ination  of 2500 lux 
was prov ided  b y a  tungsten lam p. Sam ples of the g a s  a tm o sp h e re s  in side  the 
flasks w ere  taken ac re g u la r  in te rv a ls  using a 1 m l sy rin g e , and ana lysed  
using aP y e-U n icam  s e r ie s  104 g as  ch rom atog raph . C onsiderab le  
d iffe rences in theC C ^ production cu rv es of the two c e ll  types is eviden t 
(F ig. 3 .1 4 ) . P + S ce lls  producedC O ^ throughout th e ir  batch  grow th,
■ ---- - -y- y  - -
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F i g .  3 , 1 4
C 0 2 production b y R m5  P + S ce lls  ( •  ) and 'n o rm a l' heterogeneous 
c e l ls  (o )  during  batchgrow th . (PYR/M A L m edium  + 0.1 M phosphate 
b u ffe r, pH 6 .8 , 30° C, 2500 lu x ).
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w ith a m axim um  CC^ tension of 1 .6 % (v /v ) being reached  by s ta tio n a ry  phase. 
'N o rm a l' c e lls  in itia lly  p roduced CO,, a t a s im ila r  r a te  and a  m ax im um  
tension of 0 .8 % (v /v )  was reached .H ow ever,tha  CC^tension then dropped, 
and by s ta tio n a ry  p h ase  it w as only 0.4%  (v/v), suggesting that the c e lls  w ere 
reu tiliz in g  som e of the CC>2 p roduced . S im ila r re s u lts  w ere  obtained in 
the 15 li t re  batch c u ltu re  ex p e rim en ts  (Section 3 f).
Under anaerob ic  conditions in the light, th e re a c tio n s  of cyc lic  p h o to ­
phosphorylation p ro v id e  a po ten tia lly  un lim ited  supply of ATP for the 
pu rposes of b io sy n th esis  and thus p e rm it an a lm o st to ta l a ss im ila tio n  of 
the carbon contained  in the o rgan ic  s u b s tra te s . L ittle , if any, of the organic 
su b s tra te  is believed  to be ox idised  through the tr ica rb o x y lic  ac id  (T C A ) 
cyc le  which p lays a m in o r ro le  in the anaerob ic  photom etabolism  of m o s t 
o rganic s u b s tra te s .  D uring the anaerob ic  photom etabolism  of o rgan ic  
su b s tra te s  in the ligh t, the balance between oxidation and reduction  is 
m ain ta ined  e i th e r  by  conversion  o f p a r t  of the su b s tra te  to CC^, if i t  is 
m ore  oxidised  than the  c e ll m a te r ia l,  o r by concom itant assim ila tio n  and 
reduction  of CO^, if the organic su b s tra te  is m ore  reduced  than ce ll 
m a te r ia l.
In the light of the r e s u l ts  ob ta ined , P + S c e lls  would ap p e ar a lw ay s to  
convert p a r t  of the s u b s tra te  to C O ^, w hereas ’n o rm a l’ c e lls  have to 
red u ce  and a s s im ila te  CCL to m aintain  die balance.
In point of fact, the ’d iffe ren ce’ in the CC>2 production between the two 
c u ltu re s  is an a r t i fa c t  caused  by pH d iffe rences which w ill be fully 
d iscu ssed  la te r .
E ffect of carbon concen tra tion  on the growth of P + S ce lls  
C om parison with ' n o rm a l’ c e lls
Both P + S ce lls  and 'n o rm a l' heterogeneous Rm 5 ce lls  w ere  grown in 
250 m l sh ak eflask s  on m edium  containing d iffe ren t carbon co n cen tra tio n s 
(pyruvate + m alate  (w /w ) 1 :1). Log phase c e lls  w ere  w ashed tw ice (0. 1 M 
phosphate buffer, pH 6. 8) and resuspended  in 100 m l of fre sh  m edium  
containing 0 .2  - 1 .0  g of c a rb o n /l i tr e .  All flasks w ere  flushed with 
oxygen fre e  n itrogen , incubated a t  30° C, and illum inated  by a tungsten 
lamp (1000 lu x ). At the  onse t o f s ta tio n a ry  phase  ( ~  10 d ay s) end po in t
a n a ly s is  of g row th (dry  w eight de term ination  and abso rbance  540 nm ) pH 
and CC>2 ten s io n s  (gas a tm o sp h e re ) of the c u ltu re s  w ere  determ ined  (F igs. 
3 . 15f 3 .1 6  a n d 3 .17). T he am ount of grow th of both the P + S and 'n o rm a l' 
c u ltu re s  w as d irec tly  p ro p o rtio n a l to the carbon  concen tra tion  in the 
grow th m ed ium . Over the range  of co n cen tra tio n s in v estig a ted , the 
grow th of both c u ltu re s  w as carbon lim ited . H ow ever, the grow th yield 
of P + S c e l ls  w as h igher than the grow th y ield  of 'n o rm a l' c e lls ,  Indicative 
of the fo rm e r  having a g r e a te r  grow th effic iency . It is p o ss ib le  that this 
d iffe ren ce  could  be a ttr ib u ted  to the d iffe ren t s ta tio n a ry  p h ase  pH 's of the 
c u ltu re s , th a t is , if pH lim itation of the grow th of no rm al c e lls  was 
o c c u rrin g . L ater ex p e rim en ts , how ever, suggested  that th is  was unlikely. 
Once again a  d iffe rence  in the C 0 2 production by the two cu ltu re  types was 
ev iden t. T h is  observation  can be a ttr ib u ted  to pH d iffe ren ces between the 
c u ltu re s , and w ill be d iscu ssed  in the light of la te r  w ork.
(N ote. P lo ts of abso rbance  540 nm ag a in st d ry  w eight fo r  both cu ltu re  
types a re  lin e a r  and iden tical. It can th e re fo re  be assum ed  that the growth 
of Rm 5 is tru ly  re f le c te d  by abso rbance m e a su re m e n ts ) .
E ffect of pH on the grow th of P + S c e lls 
C om parison  with n o rm a l ce lls
H ere th e  ob ject w as no t to o b se rv e  the grow th r a te s  of the ce lls  a t 
d iffe ren t c u ltu re  pH 's but to d e term ine  the pH cut off points fo r  the grow th 
of both c e ll  types , i . e .  the h ighest and low est p H 's  allowing the growth of 
P + S and 'n o rm a l ' c e l ls .  C u ltu res w ere  grown an aero b ica lly  in 250 nl 
f la sk s  (PYR/MA L grcw th  m edium  and 0 .1  M buffer ) over a ran g e  of p H 's . 
F o r  high p H 's  0 .1 M T ris -H C l buffer w as em ployed and the medium  
supplem ented  with 0.1 M sodium  phosphate. All f la sk s  w ere  incubated at 
30° C with an incident ligh t in tensity  of 1000 lux. A t the o n se t of the 
s ta tio n a ry  p h ase  (8-10 d a y s ), the optical density  and pH of the cu ltu re  w ere 
m easu red  (Table 3 .4 ). With re sp e c t to grow th a t d iffe ren t p H 's , both P + S 
and 'n o rm a l' c e lls  w ere  s im ila r .  Growth w as inhibited above pH 9 .0  and 
below pH 5 .5 .  T h e u se  of T ris -H C l buffer did not sign ifican tly  im pair ce ll 
grow th and a s  a buffer it w as su p e rio r to phosphate buffer (phosphate is 
in co rpo ra ted  into the c e lls  and the buffer b reak s  dow n), A d ifference between 
the grow th efficiency  and s ta tio n a ry  phase pH of the two cu ltu re  types was 
once again ap p a ren t.
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F ig . 3 .1 5
Growth of R_m 5 P +  S c e lls  and 'n o rm a l ' heterogeneous c e lls  on m edium  
con tain ingd iffe ren t ca rbon  co n cen tra tio n s (sodium  py ruvate  + sodium  
hydrogen m ala te , 1 :1(w /w ). 0 .1  M phosphate buffer pH 6 .8  30° C
1000 lu x ). End point an a ly s is  of b io m ass [ ( ■ )  D ry w eight P + S c e lls  
( a  ) D ry weight 'n o rm a l ' c e l ls ] .
F ig ■ 3 .16
P lots of Rm 5 abso rbance 540nm  ag a in s t d ry  w eight (g /1 ). 
( •  ) P +  S ce lls
( o ) 'N o rm a l' heterogeneous ce lls
l ------------ . . .
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F ig . 3 .1 7
Growth of Rm5 P +  S ce lls  and 'n o rm a l' he tero g en eo u s ce lls  on medium  
containing d iffe ren tc a rb o n  concen tra tions (sodium  p y ru v a te  + sodium 
hydrogen m a la te , 1 :1(w/w)). End point an a ly sis  of c u ltu re  pH and gaseous 
COp te n s io n .
( □ ) CO^ tension 'n o rm al' ce lls  
( *  ) CO^ tension P + S ce lls
(A ) pH 'n o rm a l' c e lls  
(▲ ) pH P +  S ce lls
~H
d
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TABLE 3 .4
End poin t ana lys i s .
Buffer and P +  S c e lls 'N o rm a l' c e lls
in itia l 
m edium  pH
S ta tionary  S tationary  
p h ase  phase 
ab so rb an ce  540 nm  pH
S ta tio n ary  S ta tionary  
p h ase  phase  
abso rbance  540nm  pH
T r is  -HCl 9 .5 0 .105 8 .9 0 .1 0 5 9 .0
T ris -H C l 9 .0 1.0 8.6 1.6 8 .7
T ris -H C l 8 .5 2.22 8.6 1.55 8 .7
PCX 8 .5  4 2.65 8.6 2 .80 8. 8
PO . 8 .0  4 3 .0 7 .8 2. 85 8 .7
PO, 6 .8  4 3 .0 7 .9 2 .9 8 .0
PO, 6 .0
4
3 .4 7 .4 2 .7 7 .4
PO, 5 .5  4 3 .75 7 .3 2. 18 7.35
PO, 5 .0  4 0 .075 5.25 0 .045 5. 25
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A erobic grow th of P + S c e l ls  
C om parison w ith 'n o rm a l' c e lls
A erobic grow th in the d a rk  by Rm 5 ha s  been re p o r te d  by Dow (1974),
Under such conditions it is likely tha t m uch of the ca rb o n  of the organic 
su b s tra te  is com pletely  ox id ised  to CC>2 through the re a c tio n s  of the 
tr ic a rb o x y lic  ac id  cy c le . A T P  is prov ided  th rough th e  reac tio n s of 
oxidative phosphorylation v ia  the cy to ch ro m esi and oxygen is the te rm in a l 
e lec tron  a c c e p to r . T h is h a s  been re p o rte d  fo r the p u rp le  non-su lphur 
b ac te riu m  R . p a lu s tr is  (King and D rew s, 1975).
Two m ethods w ere  u se d  to exam ine the ab ility  of Rm  5 P + S ce lls  to 
grow  ae ro b ica lly  in the d a rk ; ag a r p la tes  and liquid sh ak e  cu ltu res . Both 
gave positive  r e s u l t s .  H ow ever, it re q u ire d  3-4  w eeks fo r  colonies to 
ap p e ar on ag a r p la te s . Such colon ies w ere  smooth and m ucoid  (Plate 3 .1 1 ) 
and co n sid erab ly  p a le r  than th e ir  photosynthetic c o u n te rp a r ts .
The subcu ltu ring  of P +  S c e lls  in the dark , in a e ra te d  shake flasks 
could be p erfo rm ed  sa tis fa c to r ily  only tw ice, th e re a f te r  v iab ility  was lost. 
Growth of the c e lls  in the in it ia l  subcu lp ire  was accom pan ied  by a low 
level of photopigm ent sy n th e s is  and re su lte d  in a yellow y-orangey  
pigm ented c u ltu re . The second  subcu ltu re  showed lit tle  o r  no sign of 
pigm entation and w as a w h itish -c re a m  co lo u r. T he whole c e l l  absorption 
sp e c tra  of the an aerob ica lly  (ligh t) and ae ro b ica lly  (d a rk ) grown c e lls  a re  
shown in F ig . 3 .1 8 . C om parison  of th e se  sp ec tra  re v e a le d  a considerab le drop 
in the ca ro te ro id  and bac terioch lo rphy lJ a peaks in the ae ro b ica lly  grown 
c u ltu re s . The sp ec tru m  of c e l ls  from  the second su b c u ltu re  was devoid of 
any sign ifican t peaks, i. e . ae ro b ic  dark grow th leads to a p ro g re ss iv e  decline 
in the c e llu la r  content of the b ac te rio -ch lo ro p h y ll and ca ro te n o id s . The 
inhibition of pigm ent sy n th e s is  in photosynihetic o rgan ism s is a consequence of the 
oxygen tension and not the lig h t. This has  been d em o n stra te d  by T auschel 
and Drew s (1967) w orking on R . palu s t r i s .  A num ber of w o rk e rs  have 
found that specific  p a r tia l  p re s s u re s  of oxygen m ust be m ain ta ined  fo r 
op tim al ae rob ic  grow th. Biederm ann e t a l .  (1967) have found that 3 to 5 mm 
of m e rc u ry , p a r t ia l  p r e s s u r e  of oxygen w as optim al fo r a e ro b ic  growth of 
R hodospirillum  ru b ru m w hilst excess aera tion  reduced  g ro w th . This could 
account fo r the reduced grow th and v iab ility  observed  with R m  5 P + S c e lls .
112.
Plate 3 .11 (Bar = 1 cm )
Colony m orphology of R m  5 P + S c e lls  grown a e ro b ica lly  
a t 30° C in the dark  on PYR/M AL m edium . 4 w eeks' 
incubation.
!
Plate 3.11 (Bar = 1 cm )
Colony m orphology of Km 5 P +  S c e lls  grown a e ro b ic a lly  
a t 30° C in the dark  on PYR/M AL m edium . 4 w eeks'
incubation.

114.
T he m orphology o f the c e lls  grow ing u n d e r ae ro b ic  conditions w as 
sign ifican tly  a ffec ted . The in itia l t r a n s fe r  o f a P +  S c u l tu re  grow ing 
anaerob ica lly  in the  ligh t, to ae rob ic  d a rk  conditions, ap p e a red  to 
te m p o rarily  a r r e s t  developm ent of the sw arm  c e lls , s in c e  ac tive  m o tility  
was observed  fo r  up to  48 h a f te r  the change of co n d itio n s. A s im ila r  
e ffec t w as a lso  o b se rv e d  w ith 'n o rm a l' Rm  5 sw arm  c e l l s .  Subsequent 
developm ent of P +  S c e lls  ae ro b ica lly  re su lte d  in ab n o rm a l c e ll div ision  
and the ap p earan ce  o f c e lls  w ith b iz a r re  m o rpho log ies . -P lates 3 .12 , 3 .1 3 ,
3 .1 4  an d 3 .1 5  s h o w s o m e o f  the changes th a t o c c u r. In te rfe re n c e  of the 
division p ro c e s se s  is  ap p a ren t. T he f i r s t  no ticeab le  e ffec t would appear 
to be the elongation of a p roportion  of the c e lls  which is c lo se ly  followed 
by the appearance of c u rio u s  lobes on the c e l ls .  "H e a rt' shaped c e lls  
w ere  observed  w hich a r e  iden tical in m orphology to  th o se  fo rm ed  by 
H yphom icrobium  c e lls  grown on m ethylam ine (A. L aw rence, p e rso n a l 
com m unication). In te rfe re n c e  of filam en t syn th eses  w as a lso  evident, 
re su ltin g  in the new ly form ed c e lls  being se p a ra te d  by l i t t le  o r no fila m en t.
The r e le a s e  of d augh ter c e lls  w as inhibited and clum ps of c e lls  a ro se .
New sw arm  c e lls  w e re  not produced and a l l  cu ltu re  m o tility  ceased  within 
about 2 days of the in i t ia l  change of cond itions. Grow th of the ce lls  
eventually  becam e ran d o m ,an d  daughter c e ll  form ation  (in th e  lo o sest 
sense) was not confined to the poles of the c e lls  but o c c u rre d  anyw here 
over the ce ll su rfa c e . C ulture viability d ec re a se d  and w as eventually  lo s t.
Knobbly and u n u su a l m orphologies have a lso  been o b se rv ed  in ae ro b ica lly  
grown R. p a lu s tr is  (van N iel, 1944). Pfennig (1969) no ted  the tendency 
of R . ac id o p h ila to fo rm  ir re g u la r  and sw ollen c e l ls .  In addition ,
Hyphom icrobium  has a ls o  been observed  to respond  to c e r ta in  environm ental 
conditions by p roducing  b iz a r re  c e ll shapes (T y ler and M a rsh a ll, 1967 ;A .Law rence, 
p erso n a l com munication ). Branch form ation, and the ap p earan ce  of A grobacter 
ce lls  w ith s im ila r  u n u su a l m orphologies w as observed  by F u jiw ara  and 
Fukui (1974) who c o r re la te d  th is change with inhibition of division and 
DNA sy n th es is .
When sections of a e ro b ica lly  grown P + S c e lls  w ere  exam ined, the 
highly o rgan ised  m em b ran e  lam ellae s tru c tu re s  w ere  considerab ly  reduced  
and in many ca se s  to ta lly  absen t (Plate 3. 16). In elongated ce lls  the 
appearance of m em brane in the cy toplasm  resem b lin g  a p a r tia lly  form ed 
division septum  was occasionally  observed .
A erobic dark  grow th  of 'n o rm a l ' ce lls  of R m  5 re se m b le d  the P + S 
c e ll  grow th excep t th a t in te rfe re n c e  of ce ll d iv is io n  was le s s  p ronounced. 
Subculturing could be pe rfo rm ed  s e v e ra l  t im e s  un d er ae ro b ic  conditions. 
C e ll elongation o c c u rre d , tu t  the ap p earan ce  o f  lobed c e lls  w as le ss  
f re q u en t. F ilam en t syn thesis  w as affected to  a le s s e r  ex ten t, but 'p lug ' 
fo rm ation  w as random ised , i . e .  so m e f ila m en ts  had no p lu g s, som e one 
and o th e rs  two. P lates 3 .17 , 3 .1 8  and 3 .19  show  aerob ic  dark  grown 
n o rm a l Rm 5.
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Phase c o n tra s t  photom icrograph  of R m 5 P + S ce lls  grown a e ro b ica lly  in 
the d a rk . (PYR/M AL m edium  + 0 .1  M phosphate b u ffe r t pH 6. 8 3 0 ° C ) .
(A)(B) E arly  grow th  f i r s t  su b cu ltu re . Elongation of som e c e lls  and the 
ap p e a ran c e  o 'lo b e s .
(C) Late g row th  f i r s t  su b cu ltu re . C e ll d isto rtion  and clum p form ation  .
(D ) (E ) Second su b cu ltu re . Random ce ll g row th.
A ,___
P la te  3 .1 3  (Bars = 1 ixm)
E lec tron  m ic ro g rap h s (gold pa llad ium  shadow s) of Rm 5 p + S c e l ls  
grown ae ro b ica lly  in the d a rk . In te rfe ren ce  of c e ll  growth and div ision  
e a rly  in the f i r s t  su b c u ltu re .
(A)(B) Lobed ce lls  w ith 'h e a r t '  shaped appearance.
(C) Elongation of one o f the c e lls  In a 'p a i r '.
(D) Lobe form ation on one of the componen t c e lls  of a 'p a i r '.
v.
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P late 3 .1 4  (Bars = 1 um )
E lec tron  m ic ro g rap h s (gold pallad ium  shadow s) of Rm 5 P +  S 
c e lls  grown ae ro b ica lly  in the d a rk . C ell d isto rtion  and clum ping 
la te  in the f i r s t  su b cu ltu re .
119.
Plate 3 -15 ( Bars = 1 Wm )
E lectron  m ic ro g ra p h s  (gold palladium  shadows ) o f  Rm 5 P + S c e lls  
grown ae ro b ica lly  in the dark . Cell m orphology in the second 
su b cu ltu re . R andom  ce ll growth and division re s u lt in g  in loss of 
v iab ility .
120.
Plate 3 .16  (Bars = 1 um )
U ltra-th in  sections (K ellenberger fixation ) of Rm 5 P +  S c e lls  grown 
ae ro b ica lly  in the d a rk .
(A )(B) T ra n sv e rse  sec tio n s. M em brane lam ellae  sy s tem s  considerab ly  
reduced .
(C )(D ) Longitudinal sections illu s tra tin g  the (v irtu a l)  ab sence  of pho to - 
synthetic m em branes and th eap p earan ce  of a s tru c tu re  (d s ) 
resem b ling  a p a rtia lly  fo rm ed  division sep tum .
(E ) D istorted  and lobed c e ll. Longitudinal c e ll .
121.
Plate 3 .1 7
P hase c o n tra s t photom icrographs of R m 5 'n o rm a l' heterogeneous c e lls  
g row ing  ae rob ica lly  in the d a rk . (PYR/MAL m edium  + 0 .1  M phosphate 
b u ffe r, pH 6 .8 , 30° C ).
122.
Plate 3 .1 8  ( B ars = 1 um )
E lectron  m ic rog raphs (gold palladium  shadow s) of 'n o rm a l' heterogeneous 
R m 5 c e lls  grown ae ro b ica lly  in the dark  (30° C, ro u tin e  m ed iu m ).
E arly  grow th .
(A)(B) C ell d istortion  and elongation.
(C) M ultice llu la r a r r a y  showing a filam en t (arrow ed) w ith two c ro s s  
w all 'p lu g s '.
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E lectron  m ic ro g rap h  (gold palladium  shadow ) of a m icrocolony com posed 
of 'n o rm al'h e te ro g en eo u s c e lls  grown ae rob ica lly  in the dark . L arge 
num bers of the c e lls  a re  elongated but very  few p o sse ss  lobes
124.
(c ) P o lyacry lam ide ge l e le c tro p h o re s is  s tu d ies
Soluble p ro te in  fractions (SP.F’s )  of P + S c e lls  and ’n o rm al c e lls  w e r e  
com pared  u sing  po lyacry lam ide g e l e le c tro p h o re s is .
C u ltu res  of P +  S and ’n o rm al’ Rm 5 w ere  grown photosyn thetically  (30° C,
250U lux inciden t light in tensity ) on rou tine  grow th m edium  (PYR/M AL and
0 .1  M phosphate buffer, pH 6 .8 )  and h a rv e s ted  in the m id-exponen tia l g ro w th
35p h a se . W here n e c e s s a ry ( c e lls  w ere  labelled  with S -m ethionine fo r  3 h  
p r io r  to h a rv e s tin g . Swarm  ce lls  in the ’n o rm a l’ cu ltu re  w ere  s e p a ra te d  
fro m  the m u ltic e llu la r  a r r a y s  (m ic roco lon ies) using the g la s s  wool co lum n 
technique. T h e  colum n w as then w ashed thoroughly  (0.1 M phosphate 
b u ffe r, pH 6 .8 )  to  r e le a s e  trapped sw arm  c e l ls .  The g la s s  wool w as then 
rem oved  from  the column and the m ic ro co lo n ies  resuspended  in a s m a ll 
volum e of buffer (C. 1 M phosphate> pH 6 .8 ) .  A ll c e lls  w ere  broken u s in g  
a ’F ren ch  P r e s s ',  and the SPJt’s of P + S c e lls  (P + S), ’n o rm a l’ m ic ro co lo n ie s  
(M C) and ’n o rm a l’ sw arm  c e lls  (SW) p re p a re d .
T h e  th ree  so lub le  pro tein  e x tra c ts  w ere  then com pared  using  a v a r ie ty  of 
po lyacry lam ide  g e l  e lec tro p h o re s is  techniques.
( i ) D isc g e ls  6% (w /v) ac ry lam ide
T h e re su lts  ob tained using th is technique w e re  p o o re r  than an tic ip a ted  
(P la te 3 .2 0 ; F ig . 3 .1 9 )  and sign ifican t d iffe ren ce s  between the e x tra c ts  w e re  
d ifficu lt to d e tec t due to inadequate r e s o lu t io n  and diffusion of the bands in the 
low er half of the g e l .
T he e lec tro p h o re tic  protein p ro files  of the sw arm  ce ll e x tra c t and the 
m icrocolony  e x tra c t  appear v irtua lly  iden tical although s lig h t d iffe ren ces In 
the in ten sities  of som e of the bands w ere  ev iden t. In com parison the p ro f ile  
of th eP  + S e x tra c t appeared  to d iffe r g re a tly  in the bands of lower m o le c u la r  
w eight. H ow ever, since these d iffe rences occu r in the low er region of th e  
g e ls  w here  the diffusion of the p ro te in  m olecu les and sp rea d  of the bands is  
g re a te s t ,  th e ir  s ign ificance is difficult to ju s tify .
(ii)  Slab gels (10% (w /v )-30% (w/v) ac ry lam ide exponential g ra d ie n t)
T he re su lts  obtained with th is sy stem  w ere  a co n sid erab le  im provem ent 
on those  obtained w ith d isc gels (Plates 3 .21 , 3 .2 2 ; F ig . 3 .2 0 ) .  D irec t 
com parison  between the ex tra c ts  was e a s ie r  and m o re  p re c is e  since a ll th e
124.
(c ) P o ly ac ry lam id eg el e le c tro p h o re s is  stud ies
Soluble pro tein  frac tio n s  (SRE's) of P + S ce lls  and 'n o rm a l c e lls  w ere  
c o m p a re d  using po lyacry lam ide g e l e le c tro p h o re s is .
C u ltu re s  of P +  S and 'n o rm a l' Rm 5 w ere  grown photosynthetically  (30° C,
250U lux incident light in tensity ) on rou tine growth m edium  (PYR/MAL and
0 ,1  M phosphate buffer, pH 6 .8 )  and h arv ested  in the m id-exponen tia l g row th
35p h a s e .  W here n e c e s sa ry , ce lls  w ere  labelled with S-m ethionine fo r 3 h
p r io r  to  h arv es tin g . Swarm  c e lls  in the ’n o rm a l’ cu ltu re  w ere  sep ara ted  
f ro m  the m u ltice llu la r  a r r a y s  (m ic roco lon ies) using the g la s s  wool column 
tech n iq u e . T he colum n w as then w ashed thoroughly (0,1 M phosphate 
b u ffe r , pH 6 ,8 )  to r e le a s e  trapped sw arm  c e lls .  T he g la ss  wool was then 
re m o v e d  from  the colum n and the m ic roco lon ies resuspended  in a sm a ll 
vo lum e of buffer (C. 1 M phosphate, pH 6 .8 ) .  All c e lls  w ere  broken using 
a ’F re n c h  P re s s ’, and the SPJt’s of P + S c e lls  (P + S), ’n o rm a l’ m icroco lon ies 
(M C ) and  ’n o rm a l’ sw arm  c e lls  (SW) p re p a re d .
T h e  th ree  soluble p ro te in  e x tra c ts  w ere  then com pared  using  a v a rie ty  of 
p o ly acry lam id e  g e l e le c tro p h o re s is  techniques.
( i ) D isc  gels 6% (w /v) ac ry lam id e
T h e  r e s u lts  obtained using  th is technique w ere  p o o re r  than an ticipated  
(Plate 3 .2 0  ; F ig . 3 .19  ) and s ign ifican t d iffe rences between the e x tra c ts  w ere  
d ifficu lt to detect due to inadequate reso lu tion , and diffusion of the bands in the 
low er h a lf  of the g e l .
T h e  e lec tro p h o re tic  p rotein  p ro file s  of the sw arm  c e ll  e x tra c t and the 
m ic ro co lo n y  e x tra c t appear v irtua lly  identical although sligh t d iffe rences in 
the in te n s it ie s  of som e of the bands w ere  evident. In com parison  the p ro file  
of th e P  +  S ex tra c t appeared  to d iffe r g rea tly  in the bands of lower m olecu lar 
w eight. However, s ince  these d iffe rences occur in the low er region of the 
g e ls , w h e re  the diffusion of the p ro te in  m olecules and sp rea d  of the bands is 
g r e a te s t ,  th e ir  s ign ificance is d ifficu lt to ju s tify .
(ii)  S lab  gels (10% (w/v) -30% (w/v) acry lam ide exponential g ra d ie n t)
T h e  r e s u l ts  obtained with th is  sy stem  w ere a co n sid erab le  im provem ent 
on those  obtained with d isc gels (Plates 3 .21 , 3 .22 ; F ig . 3 .2 0 ) .  D irec t 
co m p ariso n  between the e x tra c ts  w as e a s ie r  and m ore p re c is e  since a ll the
125.
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Disc g e l e le c tro p h o re s is  (6%(w/v) ac ry lam id e) of the so lu b le  p ro te in  
frac tio n s  (SEF.'s) of photosynthetically  grown Rm 5 P +  S c e l ls  'n o rm a l ' 
sw arm  c e lls  (Sw) and ’n o rm a l ' m u ltice llu la r a r r a y s  (M e).
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BOTTOM
F ig . 3 .19
D ensitom etrie  scans (Gilford spectropho tom eter) of the SPF 
g e ls  (Plate 3 .2 0 ).
P + S = 'P + S' ce ll ex trac t
Sw = 'N orm al’ sw arm  ce ll ex trac t
Me = 'N orm al' m ultice llu lar a rra y  ex trac t
d isc
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Plate 3.21
Slab g e l of the SPF 's of the d ifferent Rm 5 c e l l  types grown photo-
(W/if)
sy n th e tic a lly . The g e l was stained ( 0 .1% /Coom assie b lue ) and 
destained  a s  d esc rib ed  in Section 2. Band in tensity  d iffe rences 
between the c e ll  types a re  apparen t in the low er half of the g e l.
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P+S. Sw. Me. P+S. Sw. Me. P+S. Sw. Me.
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P la te 3 .22
A utoradiograph of the a l a b g . l  of the S P F '.o f  th .d tf fe re n ,  Rm 5 e e „  
types (Plate 3 .2 1 ). Exposure tim e 14 days.
X 83,1 d enhanced in Sw ex trac t
Y )
Z  ^ Bands enhanced in P + S ex trac t
129.
F ig . 3 .2 0
Densitometric scans (Joyce Loebyl densitom eter) of the slab
gel autoradiograph (Plate 3 .2 2 ). P +S, Me and Sw track s.
129.
F ig . 3 .20
Densitometric scans (Joyce Loebyl densitom eter) of the slab
gel autoradiograph (Plate 3 .22 ). P +S, Me and Sw tracks.
130.
P late 3 .23
Slab g e l of P + S and ’n o rm a l’ heterogeneous Rm 5 SP.F.'s. T he c e lls  w e re  
e i th e r  grown ae ro b ica lly  in th e d a rk  o r  pho tosyn thetically .
(A) 'N o rm a l'h e te ro g e n eo u s  ce lls  (Me +  Sw). A naerobic , light g ro w n . 
(B ' P + S c e lls .  A naerobic, light g row n.
(C) P + S  c e lls .  A erob ic , dark  grow n.
(D) 'N orm al' heterogeneous ce lls  (Me +  Sw). A erobic dark  grow n.
(E ) A 're v e r tin g  cu ltu re  of P + S c e lls , h e ,  P + S,+Mc + Sw. T he c e lls  
w ere  grown an aero b ica lly  in the ligh t on m edium  containing CO 
and ethanol as  carbon  so u rc e s . 2
(m) M olecular w eight m a rk e rs .
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S PF 's could be run together on the sa m e  g e l  under iden tical conditions.
T he u se  of an exponential g rad ien t g re a tly  im proved re s o lu t io n  esp ec ia lly
in the low er half of the g e l( w here d iffusion of the low m o lecu lar w eight
35p ro te in s  and band sp read  w as m in im ised . By using S m ethionine labelled  
e x tra c ts , and autorad iography , se n s itiv ity  w as g rea tly  in c reased .
A ll the SEE's gave s im ila r  e lec tro p h o re tic  protein p ro file s  and no bands 
p re se n t on one p ro file  w ere absent on e i th e r  of the o th e r two. How ever, 
considerab le  d iffe rences in the in ten sitie s  of som e of the bands w ere  
evident between the e x tra c ts .  F or ex am p le , the in tensity  of band (X) is 
g re a tly  enhanced in the sw arm  ce ll SPF in com parison to the o ther two, 
w hereas bands (Y) and (Z ) a r e  m arkedly  enhanced in the P + S SPi\. A ll 
m a jo r d iffe rences appear to be confined to the p ro te ins of low er m o lecu la r 
w eight (less than 45,000 d a lto n s).
U nlabelled SP.E's of P +  Sand 'n o rm a l' c e l ls  grown ae ro b ica lly  in the 
dark  (1st sub cu ltu re) w ere  a lso  run on s la b  gels and com pared  with those 
of c e lls  grown anaerob ically  in the light. Growth of a 'n o rm a l' cu ltu re  
under aerob ic conditions did not p e rm it se p ara tio n  of the c e lls  into sw a rm e rs  
and m icroco lon ies. Consequently, a heterogeneous e x tra c t w as p rep a re d  
containing both c e ll  types (MC + SW). A heterogeneous ex tra c t of ce lls  
growing photosynthetically  w as also  p re p a re d  fo r com parison . The change 
of g row th conditions (anaerobic light to a e ro b ic  dark ) appeared  to have 
lit tle  effect on the g e l p a tte rn s  (Plate 3 .2 3 )  a p a r t from  sligh t d iffe rences in 
the in tensities of som e of the low m o lecu la r weight bands. A num ber of 
d iffe rences a re  evident between the S PF 's o f no rm al c e lls  and P + S c e lls  
grown under e ith e r  condition. T hese  d iffe ren ce s  would appear to be m agnified  
by the u se  of a heterogeneous ex trac t of 'n o rm a l' c e lls . Under anaerobic 
conditions the in tensities of bands 2 ,3 ,7  and 12 a re  enhanced in 'n o rm a l' 
c e lls  w hereas the in tensities of bands 1 ,4 , 6 , 8,11 and 13 a r e  enhanced in 
P +  S c e lls . Under anaerobic conditions, the d ifferences a r e  less pronounced 
but the in tensities of bands 5, 7, 9 and 10 qapear to be enhanced in the 
’n o rm a l’ c e lls .
( iii)  Two dim ensional gels
7w7v)
1st dirrension, 3 0 ^ a ^ y la m jt^ e . Separation by iso e lec tric  focussing,
2nd dim ension, 10%/- 30% /acrylam ide. S Q S .e lectropho resis .
* 4  ■" ' ^
T he s la b  g e l technique w as su c ce ss fu l in so f a r  a s  it identified  g ro s s
d iffe ren ce s  between the SBE's of the Rm 5 c e ll  types. To im prove the
an a ly s is  w ith re s p e c t to reso lu tio n  and iden tification  of sing le  po lypeptides,
35two d im ensiona l g e ls  w e re  p re p a re d . A ll g e ls  w ere  run  u sing  S m ethionine 
e x tra c ts  and au to rad iog raphed  (Plates 3 .24 , 3 .2 5 , 3 .2 6 ) ,
Although highly com plex spot p a tte rn s  w ere  obtained , the high re p ro d u c e  
b ility  p e rm itte d  spo ts on one sep ara tio n  to be c o rre la te d  w ith those obtained from  
a s e p a ra te  a n a ly s is . In addition to d iffe ren ces in sp o t in te n s itie s  between the 
S E F /so f Rm 5 c e ll  types, som e polypeptides w ere  ab sen t, and these  have been 
ind icated  in p la te s  3 .24A , 3.25A  and 3.26A , i . e . th e re  a r e  a t le a s t 13 p o ly ­
pep tid es  p re se n to n  the SW sep ara tio n  which a r e  com plete ly  ab sen t from  the 
MC p a tte rn  (e . g . SW F 1 9 ). C onversely  th e re  a r e  a t le a s t 7 po lypeptides 
p re se n to n  the MC p a tte rn  w hich a r e  com pletely  absen t from  that of che SW 
(e . g . MC Q 16).
U nfortunately  the P +  S e x tra c t was un d er labelled  and  it is not p o ss ib le  to 
d e te rm in e  which spots p re s e n t  on the MC and SW se p a ra tio n s  a re  absen t 
from  the P +  S se p a ra tio n . However, a t le a s t 2 po lypeptides p re s e n t  on the 
P+  S sep a ra tio n  a r e  absen t fro m  the MC and SW se p a ra tio n s .
Of the g e l techniques em ployed to co m p are  the so lub le p ro te in s  of the 
d iffe ren t Rm 5 c e ll  types th is was undoubtedly the b es t, p e rm ittin g  the 
detection  of sin g le  polypeptide d iffe rences in the e x tra c ts .  F u r th e r  w ork 
is re q u ire d  to c h a ra c te r is e  the sep ara tio n s and to identify the sign ifican t 
polypeptides ( i . e . f lage llin , R ibulose b is phosphate ca rb o x y lase , RNA 
p o ly m e rase ).
A m utant w as iso lated  w hich ex p ressed  the s im plified  c e ll  cycle in 
continuous cu ltu re  under conditions of high CO^ tension but which lo st 
v iab ility  when th e C 0 2 tension w as red u ced . Under such conditions, c e lls  
w ith unusual m orphology w ere  ap p aren t (Plate 3. 27), and c h a ra c te r is tic  
c e ll  clum ps r a th e r  than m ic ro co lo n ie s  p roduced . Tube sy n th esis  w as 
confined to one pole only, and a l l  new filam en t sy n th esis , b ranching and 
bud fo rm ation , appeared  to be confined to the p ro sth eca  sep ara tin g  the 
m o th e r and daughter c e lls  of the p a irs  (F ig . 3 .2 1 ) .  V iability  was 
eventually  lost, dueprobab ly  to filam en t ru p tu re  caused  by physica l o v e r ­
crow ding of the c e l ls .  Such an effect is likely to be caused  by m u ta tion (s) in
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P+S FIRST DIM ENSION
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P late 3. 2-r
T w o-dim ensional gel au torad iograph  of the SRF. of photosynthetically  
grown Rm 5 P + S  ce lls  labelled  with 35S m ethionine. A utoradiograph 
exposure tim e > 2 m onths.
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P la te  3 .25
Two d im ensional g e l  au torad iograph  of the SPJ: of pho tosyn thetically  
grown Rm 5 'n o rm a l M e’ ce lls  labelled with 35S m eth ion ine . A uto­
rad io g rap h  ex posu re  tim e, 2 m onths.
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P late 3. 25
Two d im ensional g e l  autoradiograph of the SP.E of photosyn thetically
OC
grown Rm5 'n o rm a l M e’ c e lls  labelled  with S m eth ion ine. A uto­
rad iograph  ex p o su re  tim e> 2 m onths.
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Plate 3 .26
Two d im ensional g e l au torad iograph  of the SP.E of photosynthetically  
grown R m S 'n o rm a lS w 'c e lls  labelled with 35S m ethionine. A utoradiograph
ex posu re  tim e, 2 m onths.
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Plate 3.24A
R epeat of Plate 3 .2 4 . Polypeptides p re se n t on th is  separation  (P +  S) but 
absen t fro m  the Me and Sw sep ara tio n s  have been indicated by c i rc le s .  
N um bered 'sp o ts ' r e  p re se n t polypeptides com mon to a l l  se p a ra tio n s  
which can  be used a s  re fe re n c e s .
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Plate 3. 26A
R epeat of P late 3 .2 6 . Polypeptides p re se a t on th is  sep ara tio n  (Sw) but 
ab sen t from  the Mc separation  have been indicated by c i r c le s .
. W - i _____ _____
139
Plate 3 .27
Phase c o n tra s t photom icrographs show ing the ir re g u la r  c lu m p -lik e  
expression  of a  m utant Rm 5 iso la te  u n d e r  conditions of low CO tension . 
(This iso late  is ex p ressed  as P + S  c e l ls u n d e r  conditions of high CO 
tension). ^
F ig . 3.21
D iagram m atic rep resen ta tion  of th e c e llu la r  expression  of the R m 5 
m utant (P la te3. 27).
the 'n o rm a l' d iv ision  p ro c e s s e s .  Had tim e  p e rm itted ,su ch  a s ta tem en t 
could  have been v erified  by two d im ensional g e l e le c tro p h o re s is  an a ly sis  
and the polypeptides involved been c h a ra c te r ise d . M issense  m utations 
in phage T 4 g en es have been detected  in th is way (O 'F a rre ll ,  1975).
T h is  technique o ffe rs  g re a t  po ten tia l in the study of the pro tein  changes
o cc u rrin g  in the developm ent of synchronized Rm 5 sw arm  c e lls  through
to m o th e r c e lls , e . g . 'n o rm a l' Rm 5 sw arm  ce lls  could be synchronized
35(g lass  wool colum n tech n iq u e) and pu lse  labelled with S m ethionine fo r 
5 m in u tes  a t v ario u s  s tag es during developm ent. Two dim ensional ge l 
a n a ly s is  of the so lub le p ro te in  frac tions would enable die sy n th esis  of 
d iffe re n t polypeptides to be c o rre la te d  with various s tag es of developm ent.
T his tech n iq u ealso  enables tra n sc rip tio n a l co n tro l of ce llu la r  expression  
to be investigated  in Rm 5 . DNA dependent RNA p o ly m e rase s  from  the 
d if fe re n tc e ll  types (m other c e lls , sw arm  c e lls , ex o sp o re s)  can be p u rified  
and e lec tro p h o re sed  using th is g e l sy stem  and any m odifications detected .
RNA p o ly m erases  fro m  the d iffe ren t c e ll types of o th e r m odels of c e llu la r  
d iffe ren tia tion  have been com pared  by d isc g e l e le c tro p h o re s is  (Losick et a l . 
1970; Bendis and Shapiro, 1973), a technique fa r in fe rio r with re sp e c t to 
reso lu tio n  and se n s itiv ity .
S im ila rly , co n tro l of d ifferen tia tion  in Rm 5 at the tran s la tio n a l level can 
be s tu d ied u sin g  th is technique. (Such experim en ts would be an extension of 
those by F o rtn ag e l and Bergm ann, (1973) who used  d isc gel e lec tro p h o re s is  
to study r ib o so m al p ro te in s  of B. s u b ti l is ). R ibosom es from  the d iffe ren t 
c e ll  types of R hodom icrobium can bep u rified , run on 2 dim ensional g e ls  and 
any d iffe ren ces in the rib o so m al p ro te in s detected .
T he consequences of inh ib ito rs of p rotein  syn thesis  such as  c h lo ra m ­
phen ico l, on th e c e ll  cycle can a lso  be stud ied . Synchronized 'n o rm a l- Rm 5 
sw arm  c e lls  can be tre a te d  w ith d iffe ren t concen tra tions of inhibitor and the 
ta rg e ts  of inhibition pinpointed. A fu rth e r extension would be (he exam ination 
and ch a ra c te riz a tio n  of the p ro te in s  involved in the initiation and com pletion 
of DNA rep lica tio n . Selective and specific inh ib ito rs o f DNA syn thesis 
would be p a r tic u la rly  u sefu l, and enable the developm ental cyc le  of synchronous 
sw arm  c e lls  to be d isso c ia ted  from  DNA rep lica tio n . H ydroxyurea causes
141.
c e l lu la r  elongation h i t  p e rm its  grow th to continue, w hereas n a lid ix ic ac id  
m itom ycin C and actinom ycin D a l l  inhibit grow th and g ive g ra d ie n ts  of 
eve lopm ent. T he use of such inh ib ito rs and two dim ensional g e l an a ly sis
would enable proteins dependent on DNA synthesis (fe * . 'term ination'
p ro te in s ,d iv is io n  p ro te in s )  to be d istinguished from  those sy n th esised  
ir re s p e c tiv e  of DNA rep lication  o r  not.
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(d ) Continuous cu ltu re  stud ies
A p art from  the in itia l iso lation  of the P + S c e lls  using a  ch e m o sta t and 
the m ain ta inance of a steady s ta te  cu ltu re  r e s e rv o i r i much of the e a r ly  w ork 
on th ese  c e lls  w as p e rfo rm ed  using  batch cu ltu re  techniques ( e . g . grow th on 
d iffe ren t carbon so u rc e s . a t d iffe ren t light in te n s itie s> d iffe ren t p H 's ) .
Under such  conditions w ith a  high num ber of v a ria b le s . rep ro d u c ib ility  of 
r e s u lts  w as difficult to ach ieve . Consequently the p o ss ib ility  of using a 
ch em o sta t fo r p e rfo rm in g  s im p le > in s itu , physio log ical s tu d ie s  and 
op tim ising  grow th conditions w as investigated . U nless o th e rw ise  s ta ted , 
a ll the following continuous cu ltu re  stud ies w ere  pe rfo rm ed  u s in g a  'Quickfit’ 
fe rm e n te r  (working volum e 650 ml) and routine grow th m edium  (PYR/M AL 
and 0 .1  M phosphate b u ffe r) .
V aria tion  of the incident light intensity
P + S c e lls  from  the cu ltu re  r e s e rv o ir  w ere used  as  an inoculum  and the 
cu ltu re  allow ed to re a c h  the m id-log  phase of growth ( a b s o r b a n c e ,^  ~  1 .5 )  
before continuous flow of fre sh  m edium  w as com m enced at 17 m l/h  
(D = 0 .0 2 6 h  1)An incubation te m p era tu re  of 30° C was m ain ta ined  and the 
pH kept constan t (pH 6 .9  to  7 .0 )  by the autom atic addition of C O ^. The 
f i r s t  s tead y  s ta te  w as achieved using  an incident light in tensity  of 3000 lux. 
Illum ination w as then p ro g re ss iv e ly  reduced  and fu rth e r  s tead y  s ta te s  
obtained. Because of the very  slow  dilution ra te  em ployed. the tim e  allowed 
fo r the cu ltu re  to re a c h  s teady  s ta te  was considerab le  and v a r ie d  between 
7and 10 d ay s . C u ltu re  abso rbance  a t 540 nm (p ro te in ) and 890 nm  (b ac te rio - 
ch lo rophy ll) was m onitored  together with c e ll volum e (Table 3 .5 ; F ig . 3 .22 ; 
P late 3 .2 8 ) .  Low o v e ra llc u ltu re  densitie s  w ere  apparen t. At v e ry  low 
grow th r a te s .  energy  -onsum ption fo r m aintenance pu rp o ses (purposes 
o ther than growth) m ay becom e considerab le  in com parison w ith  the energy 
used fo r b io syn thesis . and this can g ive r is e  to unusually  low grow th  y ie lds. 
i . e .  the functional s ta tu s  of the b ac te ria  sh ifts  to that of n u tr ie n t cycling 
(Veldkamp. 1975). Such an ex p lan a tio n  how ever> w as thought un likely  to 
account fo r the low grow th ra te  and cu ltu re  density  of the P + S c e lls  since 
grow th lim iting  su b s tra te s  w ere believed to be p re se n t in e x c e s s . Light 
lim itation of grow th w as ap p aren t since an in c re ase  in cu ltu re  density  was 
achieved by increasing  the incident illum ination . (F o r ideal behaviour.
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T able  3 .5
The e ffec t of varia tion  of the Incident light in tensity  on the behaviour 
of Rm 5 P + S c e lls  in continuous cu ltu re  ('Quickfitf chem osta t, PYR/MAL 
m e d iu m + 0 .1  M phosphate buffer( p H 6 .8 f 3 0 °C . D = 0 .026  h  ^ ).
STEADY STATE
Incident light 
in tensity  (lux)
A bsorbance 
540 nm
A bsorbance
890 nm
Abs 890 Peak 
/A bs 540 channel 
num ber
Swarm  cel] 
volume 
(cm 3 )
3000 1.52 0 .75 0 .49 15"j 0 .8 0
1500 1.52 0.76 0 .5 0 17 0. 84
900 1.23 0.71 0 .5 8 17 0 .84
600 1.20 0.79 0.66 18 0. 86
300 1.16 0 .88 0.76 21 0 .94
150-200 1.15 0 .97 0 .84 25 1.04
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F ig , 3 .22
T he effec to f incident light in tensity  varia tion  on the c h a ra c te r is t ic s  of R m 5 
P + S ce lls  in continuous c u ltu re , F.e. T ab le  3 .5  ex p re ssed  g rap h ica lly .
( • )  Swarm c e ll volume, nm  . (C o u lte rc h a n n e ly se r).
( x )  C ulture density . (A bsorbance 540 n rr.).
( o ) E stim ate of the m em brane  content of the ce lls  
C ulture bac te rioch lo rophy ll absorbance  
C ulture pro tein  absorbance
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Plate 3 .28
C o u lte r p ro files  of Rm 5 P + S c e lls  from  the high, and low, incident 
light in tensity  steady s ta te s .
Y re p re se n ts  the re la tiv e  num ber ofnon -appendaged sw arm  ce lls  
X re p re se n ts  the re la tiv e  num ber of developing (appendaged) ce lls  
The proportion  of developing c e lls  (X/Y) is g re a te r  at the h igher light 
in tensity  steady s ta te , h e .  there is less inhibition of sw arm  ce ll 
developm ent.
146.
b io m a ss  œ inciden t light in tensity  is expected if light is the lim iting fa c to r  
and every th in g  e lse  is in e x c e s s ) .  Unfortunately, p a r tie  le counts (C oulter 
c o u n te r )w e re  not taken during  th is  experim en t but i t  can be su rm ise d  
th a t c e l l  num ber and b iom ass is  increasing  w ith light in tensity  up to a t 
le a s t 1500 lux. C ell volume is decreasing , th e re fo re  the in c re a se  in 
p ro te in  ab so rb an ce  m ust be due to c e ll  num ber in c re a se . Above 1500 lux 
g ro w th  lim itation  is a ttrib u ted  to another fa c to r . T h e  observa tion  that 
ce ll volum e ap peared  to in c re a se  with dec reas in g  illum ination w as a t f i r s t  
s u rp r is in g .  A co rre la tio n  between volume and b ac te rloch lo rophy ll con ten t 
se em e d  to ex is t, and it appeared  that the c e lls  w ere in c reasin g  th e ir  vo lum es 
in o r d e r  to physically  accom m odate the ex tensive photosynthetic  m em b ran es 
needed  fo r g row th  a t  low light in te n s itie s . Exam ination of thin sec tio n s of 
c e lls  by e lec tro n  m icroscope rev ea led  this to be so (P la tœ 3 .29  and 3 .3 0 ) .
C ells grow n u n d er low incident illum ination had ex tensive  photosynthetic 
m em b ran e  sy s te m s , w hereas c e lls  from  the h igher incident illum inations 
had a co n s id erab ly  reduced  m em brane lam ellae  sy s te m . As w as found w ith 
R .ru b ru m  (Holt and M arr. 1965) an d R. sphaero ides (S istrom , 1962b-Takem otoand 
Huang Kao ,1977) regulation  of the photopigm ent content of Rm 5 P + S c e lls  
would a p p e a r to be achieved by varying the m em brane content of the c e lls , 
i . e .  one a ssu m es a constan tconcen tra tion  of bac te rio ch lo ro p h y ll p e r  un it 
length o f m em brane.
Som e c e lls , espec ia lly  those from  the 1500 lux illum ination  steady  s ta te  
w ere  found to contain la rg e  num bers of po lyhed ra l shaped c e llu la r  inclusions 
(Plate 3 .3 1  ). T h e  n a tu re  of these  inclusions h asn o t yet been determ ined , 
but they  a r e  s im ila r  in appearance to the polyglucose g ra n u le s  of 
C hlorobium  thiosulphatophilum  (Sirevag and O rm erod , 1977) and the 
carb o x y so m es and inclusion bodies of T hiobacillus in te rm ed ius and o ther 
T h io b acilli (Purokit e t a l . ,  1976; Shively e t a l . , 1970). S im ila r po lyhedral 
bodies h av e  a lso  been observed in Anabaena cyliridrica (Codd and Stew art 
1976). D -R ibu lose-1 , 5-B isphosphate carboxy lase  is p re se n t in high 
co n cen tra tio n s in R m 5 ce lls  (3% (w /w) soluble p ro te in s )  (S. T ay lo r, th is 
la b o ra to ry ; personalcom m unication  ) and one m ight sp ecu la te  tha t u n d er the 
conditions of very  low dilution r a te  and fa ir ly  high light in tensity , the enzym e 
is overp roduced , and the ce llu la r  inclusions a re , in fac t, c ry s ta llin e
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111 ^ 3 . 2 9  (A .B .C .D . Bar = 0 .5  um
B a r = 0 . 2  um )
U ltra  thin sections (K ellenberger fixation ) of Rm 5 P + S c e l ls  grown in 
continuous cu ltu re  under low illumination (300 lux).
(A)(B)(C)(D) Longitudinal and tran sv e rse  sections showing the ex tensive 
p e r ip h e ra l m em brane lam ellar system .
(E ) Inset from  longitudinal section D showing a m em brane loop
(This g row s along the length of the ce ll, in fo lds and r e tu r n s ) .
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a g g re g a te s  of D -R ibu lose-1 . 5-B isphosphate ca rb o x y lase , i . e .  
ca rb o x y so m es .
T h e 'C o u lte r  p ro file s ' of the c e lls  fro m  the high and low illum ination  
s tead y  s ta te s  a r e  very  s im ila r  a p a r t f ro m  the obvious volum e sh if t 
(Plate 3. 28 ). C lo se r  exam ination re v e a ls  that the heigh t of the sh o u ld e r 
of developing c e lls , re la tiv e  to the heigh t of the sw arm  c e ll  p eak  (X /Y ) 
is g r e a te r  in th e c e lls  grow ing a t h igher illum ination , i . e . a t  th e  low er 
illum ination th e re  a r e  re la tiv e ly  few er developing sw arm  c e l ls .  Inhibition 
o f  developm ent of im m ature  sw arm  c e lls  in 'n o rm a l' Rm 5 c u l tu re s  a t low 
light in tensity  has  a lso  been observed  (C .S .D ow . th is  la b o ra to ry ; p e rso n a l 
com m un ication ).
V aria tion  of dilution ra te
Continuous cu ltu re  w ork w ith  Rm 5 P +  S c e lls  a t 30 C p ro v ed  d ifficu lt 
and tim eco n su m in g . T he grow th r a te  of Rm 5 is slow  (doubling tim e s  of 
4h  and above) and th is n e c e s s ita te s  the u se  of low dilution r a te s  to  avoid 
w ashout of c e l ls .  S uccessfu l ru n s  of 6 o r  7 s tead y  s ta te s  w e re  r a r e  and 
took up to 4 m onths to com plete.
T he ob ject of th is experim en t w as to find the m axim um  dilu tion  ra te  
a t which it w as p o ssib le  to grow  P +  S c e l ls .  An incubation te m p e ra tu re  of 
35° C w as em ployed and an incident ligh t in tensity  of 2000 lux. T h e  
fe rm e n te r  w as inoculated, a s  b efo re , w ith log ph ase  P +  S c e lls  f ro m  the 
s teady  s ta te  cu ltu re  re s e rv o ir ,  and allow ed to rea ch  the m id -ex p o n en tia l 
grow th ph ase  before continuous flow of f re s h  m edium  (PYR/M AL an d  0 .1  M 
phosphate buffer. pH 6 . 8) was com m enced a t 65 m l/h  . T h e  pH w as  kep t 
co n stan t a t 7 .0  using  CO„ addition as  a pH co n tro l. Sam ples w e re  rem oved  
a t re g u la r  in te rv a ls  (ce ll count, c e ll volum e, ab so rb an ce  540 n m ) u n til  a 
s tead y  s ta te  w as obtained. T he dilution r a te  w as then p ro g re s s iv e ly  
in c re ase d  and fu rth e r  steady s ta te s  rea ch ed  (Table 3 .6 ; F ig . 3 .2 3 ) .
U nder the conditions em ployed, it w as p o ss ib le  to grow  the c e l ls  a t 
re la tiv e ly  high dilution ra te s  (0 .161h)1w ith doubling tim es  of up to  4 .3  h  .
T h e  grow th r a te s  of the ce lls  w as g re a tly  im proved by in c reasin g  th e  
incubation te m p era tu re  to 35° C . S u rp rising ly , how ever, an in c re a s e  in 
dilution ra te  did not sign ifican tly  a l te r  the ce ll vo lum e. T he 'C o u lte r  
p ro file ' o fc e lls  grown a t a dilution ra te  of 0 .1 0  h  ^ was identical, w ith resp ec t 
to both cu rve  shape and sw arm  c e ll  peak position , to the 'C o u lte r p ro f i le ' of 
the c e lls  growing a t the h igher dilution r a te  ( 0 .16h )(Plate 3.32) .Unlike the
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T able 3 .6
T he effect of v a ria tio n  of the dilution ra te  on the behaviour of Rm 5 
P + S c e lls  in continuous cu ltu re . ('Q uickfit' chem ostat, PYR/M AL m edium  
+ 0 .1  M phosphate b u ffe r, pH 6 .8 , 35° C, 2500 lux).
STEADY STATE
Dilution ra te  
( h 1 )
A bsorbance 
540 nm
P artic le  count 
p e r  m l. (C oulter 
coun te r  )
Mean sw arm  
c e ll volum e
(um 3 )
Mean c e ll 
doubling 
tim e  (h/ )
0 .1 1.24
g
5.75  x 10 0 . 89 6 .9
0 .123 0 .80 4 .05  x 108 0 .9 4 5 .6
0 .129 0 .92 3 .5 8  x 108 0 .9 6 5 .4
0 .1 4 0 .74 3 .07  x 108 0 .9 4 4 .9
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F ig . 3 .2 3 .
Xhe effect of dilution r a te  varia tion  on the c h a r a c te r is t ic s  of Rm 5 P +  S 
c e lls  in continuous c u l tu r e .i .e .  T ab le  3 .6  e x p re s s e d  g rap h ic a lly .
3
( * )  Swarm  c e ll  volum e (pm )(C oulter c h a n n e ly se r ) .
( X ) C u ltu re  density . A bsorbance 540 nm .
( o )  C u ltu re  density . P a r tic le  count (C ou lte r c o u n te r ) .
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behaviour of o th e r  c e lls  in con tinuous cu ltu re  (e .g . 3ac illu s m e g a te riu m . 
H e rb e r t> 1958> 1961; S alm onella typh im urium . Schaecter e t a l . , 1958 ; 
A rth ro b a c te r  spp. Luscom be and G ra y j 1971 ), the c e ll  s iz e  and 
m orphologyof Rm  5 did not a p p e a r  to be app reciab ly  affected  by g ro w th  
r a te .  A m a rg in a l in c re a se  in vo lum e was ap p aren t between the d ilu tion  
r a te s  of 0 .1 0  and 0.13h 1but above th is  the re  w as no detec tab le  ch an g e .
One hypothesis is  th a t any vo lum e in c re a se  due to a h igher g row th r a t e  m ay 
w ell be m asked o r  balanced by th e  co n v erse  effect of the change in ligh t 
in ten sity  on the c e ll  s iz e  a t the re sp e c tiv e  steady s ta te s . [A t high dilu tion  
r a t e s > r e s u lts  ind icate that c e ll  num ber and cu ltu re  abso rbance d e c r e a s e s .  
T h is  in tu rn  leads to  an in c re a se  in the am ount of ligh t energy  av a ila b le  
p e r  c e ll ,  com pensated  for by a subsequen t reduction  in the pho tosyn thetic  
m em b ran e  con ten t. C o rre la tio n  between c e ll volum e and pho tosyn thetic  
m em b ran e  conten t w as suggested  by re su lts  of the prev ious e x p e rim e n t 
( s te a d y s ta te  an a ly s is  a t  d iffe ren t incident light in te n s itie s )] . Such an 
explanation , how ever, seem s u n lik e ly  in view of the fac t that the e x p e rim e n t 
w as c a r r ie d  out a t  a re la tiv e ly  h igh  incident ligh t intensity  (2000 lu x )  and 
exam ination  o fu ltra th in  sec tions a t  the d iffe ren t steady s ta te s  re v e a le d  
lit tle  d iffe rence  in th e  m em brane con ten t of the c e lls .  It m ay be w orthw h ile  
rep e a tin g  th is  ex p e rim en t using a tu rb id o s ta t. N ev e rth e le ss , although  the 
conditions had v ery  lit tle  effect on c e ll  volum e, a t the high dilution r a te s  
s h o r te r  c e ll  filam en t lengths w e re  ap p a ren t. In the p ro sth eca te  
H yphom icrobium  (which b ea rs  a c lo s e  resem b lan ce  m orphologically  to 
Rm 5 P -KS c e lls )  a s im ila r  effec t o f grow th r a te  on filam en t length w as 
rep o rte d  by H ard er (1974). G row th of P + S c e lls  a t  high dilution r a te s  a lso  
led to the ap p earan ce  of la rg e  n u m b e rs  of 't r ip le t ' configurations in w hich 
the m o th e r c e lls  w ere  producing new  daughter c e lls  before se p ara tio n  of 
the p rev io u s  one had been co m p le ted .
At the h igher dilution r a te s ,  g row th  of the c e lls  on the w alls of th e  
fe rm e n te r  v e s se l cau sed  p ro b le m s . T h is was rem oved every  12 h by 
sc ra p in g  the s id e s . T he g e n e ra l e ffe c ts  of w all grow th have been d is c u s se d  
by Topiw ala an d H am er (1971) and by Solomons (1972 ), and when it o c c u rs  
a tru e  s tead y  s ta te  cannot be o b ta in ed . Obviously the light in tensity  inside 
the v e s se l is affected  to an unknown ex ten t. C u ltu re  c h a ra c te r is tic s  a r e
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bahaviour of o th e r  c e lls  in continuous cu ltu re  ( e .g . Bacillus m e g a te riu m . 
H erb e r t, 1958, 1961; Salm onella typhim urium . S chaecter et a l . , 1958 ; 
A rth ro b a c te r  spp. Luscom be and G ray, 1971), the c e ll  s iz e  and 
m orphologyof Rm 5 did n o t appear to be app rec iab ly  affected  by grow th 
r a te .  A m arg in a l in c re a se  in volume w as apparen t between the dilution 
r a te s  of 0 .1 0  and 0.13h ^but above this th e re  was no detec tab le  change.
One hypothesis is  that any volum e in c re a se  due to a h igher grow th r a te  m ay 
w ell be m asked o r  balanced by the con v e rse  effect of the change in ligh t 
in tensity  on the c e ll  s iz e  a t  the re sp e c tiv e  steady s ta te s .  [A t high dilution 
r a te s ,  r e su lts  indicate tha t c e ll num ber and cu ltu re  abso rbance  d e c re a s e s . 
T h is  in turn  leads to an in c re a se  in the am ount o f ligh t energy  ava ilab le  
p e r  c e ll, com pensated  fo r  by a subsequent reduction  in the photosynthetic 
m em brane conten t. C o rre la tio n  between c e ll  volum e and photosynthetic 
m em brane content w as suggested  by r e s u l ts  of the p rev io u s ex p erim en t 
(steady s ta te  an a ly s is  a t d iffe ren t incident light in te n s itie s )] . Such an 
explanation, how ever, se em s unlikely in view of the fac t that the ex p erim en t 
was c a r r ie d  out a t  a re la tiv e ly  high inciden t light in tensity  (2000 lux) and 
exam ination o fu ltra th in  sec tio n s at the d iffe ren t steady  s ta te s  rev e a le d  
little  d iffe rence in th e  m em brane content of the c e lls .  It m ay be w orthw hile 
rep ea tin g  th is ex p erim en t using  a tu rb id o sta t. N ev e rth e le ss , although the 
conditions had v ery  lit tle  e ffec t on ce ll volum e, at the high dilution r a te s  
s h o r te r  c e ll filam en t lengths w ere  ap p aren t. In the p ro s th ec a te  
H yphom icrobium  (which b e a rs  a c lose  resem b lan ce  m orphologically  to 
Rm 5 P +S  c e lls )  a s im ila r  effec t of g row th r a te  on f ilam en t length w as 
rep o rted  by H arder (1974), Growth of P + S ce lls  a t  high dilution r a te s  also  
led to the appearance of la rg e  num bers of 't r ip le t ' configurations in which 
the m o ther ce lls  w ere  producing new daughter c e lls  befo re  separation  of 
the p rev io u s one had been com pleted .
At the h igher dilution r a te s ,  growth of the c e lls  on the walLs of the 
fe rm en te r  v e s se l caused  p ro b le m s. T h is  w as rem oved  every  12 h by 
sc rap ing  the s id e s . T he g e n e ra l effects of w all grow th have been d iscu ssed  
by Topiw ala and H am er (1971) and by Solomons (1972), and when it o ccu rs  
a tru e  s teady  s ta te  cannot be obtained. Obviously the ligh t in tensity  inside 
the v e s se l is affected  to an unknown ex ten t. C ulture c h a ra c te r is t ic s  a re
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behaviour of o th e r  c e l ls  in continuous cu ltu re  ( e .g .  B acillus m e g a te riu m . 
H erb e r t, 1958, 1961; Salm onella typhim urium . S ch ae c te r e t a l . , 1958 ; 
A rth ro b a c te r  spp . Luscom be and G ray, 1971), the  c e ll  s iz e  and 
m orphology of Rm 5 d id  not ap p ear to be ap p re c ia b ly  affected  by grow th 
r a te .  A m a rg in a l in c re a s e  in volum e w as a p p a re n t between tire dilution 
r a te s  of 0 .1 0  and 0.13h 1tnit above th is th e re  w as no d e tec tab le  change.
One hypothesis is  th a t any volum e in c re ase  due to a  h igher g row th  r a te  m ay 
w ell be m asked  o r  balanced  by the converse  effec t o f the change in light 
in tensity  on the c e ll  s iz e  at the re sp e c tiv e  steady  s ta te s .  [A t high dilution 
r a te s ,  r e s u lts  in d ica te  that c e ll num ber and c u ltu re  ab so rb an ce  d e c re a s e s . 
T h is  in tu rn  leads to an  in c re ase  in the am ount of lig h t energy  ava ilab le  
p e r  c e ll, com pensa ted  fo r  by a subsequent reduc tion  in the photosynthetic  
m em brane con ten t. C o rre la tio n  between c e ll vo lum e and photosynthetic  
m em brane  conten t w as suggested  by r e s u lts  of the  p rev io u s  ex p e rim en t 
(steady s ta te  a n a ly s is  a t  d iffe ren t incident light in te n s it ie s ) ] .  Such an 
explanation , how ever, se em s unlikely  in view of th e  fac t tha t the experim en t 
w as c a r r ie d  out a t  a re la tiv e ly  high incident ligh t in ten sity  (2000 lux) and 
exam ination o fu ltra th in  sections a t the d iffe ren t s te a d y  s ta te s  rev ea led  
lit tle  d iffe rence in th e  m em brane  content of the c e l l s .  It m ay be w orthw hile 
rep ea tin g  th is  e x p e r im e n t using a tu rb id o sta t. N e v e r th e le s s , although the 
conditions had v e ry  l i t t le  effect on c e ll volum e, a t th e  high dilution r a te s  
s h o r te r  c e ll  f ilam en t leng ths w ere  ap p aren t. In th e  p ro s th e c a te  
H yphom icrobium  (which b ea rs  a c lo se  re se m b la n ce  m orpho log ica lly  to 
R m  5 P +S c e l ls )  a s im i la r  effect of grow th ra te  on f ila m en t length w as 
rep o rted  by H ard e r (1 9 7 4 ). Grow th of P + S c e lls  a t  high dilution r a te s  a lso  
led to the ap p earan ce  o f la rg e  num bers of 't r ip le t ' co n fig u ra tio n s in which 
the m other c e lls  w ere  producing  new daughter c e lls  b e fo re  sep ara tio n  of 
the p rev io u s one had been  com pleted .
At the h igher d ilu tion  ra te s ,  growth of the c e lls  on the w alls  of the 
fe rm e n te r  v e s se l ca u se d  p ro b lem s. T h is w as rem o v e d  every  12 h by 
sc rap in g  the s id e s . T h e  g e n e ra l effec ts  of w all g ro w th  have been d iscu ssed  
by Topiw ala and H am er (1971) and by Solomons (1 9 7 2 ), and when it o ccu rs  
a tru e  steady  s ta te  canno t be ob tained. Obviously th e  ligh t in tensity  inside 
the v e s s e l i s  affected  to  an unknown ex ten t. C u ltu re  c h a r a c te r is t ic s  a re
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a lso  influenced since the w all grow th can ac t a s  a cap tive population in th e  
fe rm e n te r j continuously d ischarg ing  its  progeny ( 'n o rm a l' sw arm  c e l l s )  
into the cu ltu re  suspension and thus giving r is e  to a 'm ix ed ' c u ltu re .
D ra s tic  changes in the c h a ra c te r is t ic s  of m ixed ch em o sta t c u ltu re s  of 
H yphom icrobium  by w all grow th have been describ ed  by W ilkinson and 
H am er (1974).
It is evident th a ta t the high dilution r a te s  the P + S c e lls  lose s ta b ility  
and change back to th e n o rm a l fo rm  of c e llu la r  e x p re s s io n  since  the 
p re se n ce  of m u ltice llu la r a r r a y s  can be observed  un d er the light m ic ro sc o p e . 
It is p o ssib le  th a t> a t high dilution r a te s ,  the pH is not co n tro lled  by the  CO  
but being held by the bu ffe r. A reduction  in the am ount of CC^ being added  
ex te rn a lly  would be inevitable with a concom itant drop in the CO^  tension  of 
the cu ltu re  m edium . Conditions then becom e favourab le  fo r the grow th of 
'n o rm a l'h e te ro g en eo u s  c e l ls .  When w all grow th, and the num ber of 'n o rm a l ' 
c e lls , eventually  becam e ex c ess iv e , the run w as abandoned.
V aria tion  of CC>2 tension on the s tab ility  of P + S ce lls  a t  high dilution r a te s  
As an extension to the p rev io u s ex p e rim en ts , P +  S c e lls  w ere  grown in 
the chem osta t a t a high dilution r a te  and the effect of in c reasin g  the CC>2 
tension on the cu ltu re  s ta b ility  m on ito red . An incubation te m p e ra tu re  of 
35° C and an incident light in tensity  of 2000 lux w ere  em ployed. C ells  fro m  
the steady  s ta te  cu ltu re  r e s e rv o i r  w ere  u sed  as inoculum  and allow ed to 
grow to the m id-exponentia l phase  before the m edium  flow (PY R /M A Land 
0.1 M phosphate buffer, pH 6 .8 )  w as com m enced (72. 7 m l/h  , D = 0 , 1 1 2 h  ^ ) 
C O j w as used  to con tro l the pH and a steady s ta te  was ob tained. C ell g ro w th  
on the w alls of the fe rm en te r  v e s se l soon becam e evident and was a ttr ib u te d  
to m ic roco lon ies and chains of c e lls  (m u ltice llu la r a r r a y s ) .  T he au tom atic  
pH c o n tro lle r  w as then d isconnected  and CC^ pum ped continuously  into tire 
cu ltu re  m edium . A pH drop (6 .8  to 6 .4 5 )  was in c u rred  a s  a re su lt , but 
a new steady  s ta te  was eventually  re a ch ed . T he (gas flow ) r a te  of addition 
of CCD to th e c u ltu re  was then p ro g re ss iv e ly  in c reased  and fu rth e r  's te a d y ' 
s ta te s  a th ig h e r  C 0 2 tensions (and low er pH v a lu es) w ere  a ttem pted . C ell 
grow th on the s id es  of the fe rm e n te r  v e s se l was rem oved  ev e ry  12 h .
T able 3 .7  shows the re s u lts  ob tained. An in c re ase  in the C O j tension
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Steady s ta te £H A bsorbance P a rtic le  co u n t/m l Mean sw arm Wall
540 nm (Cou Ite r coun te r) c e l l  volum e growth
(urn3 )
1 6 .8 1.20 4 .9  x 108 0 .9 1 5 +-
2 6 .45 1.06 4, 6 x 108 0 .9 8 0 +-
(3) 6 .00 0 .6 0 3 .0  x 108 1 .098 +
(4) 5 .85 0 .2 0 I .O x i O 8 1 .18 +
T a b le  3 .7
The effec t of varia tion  of the  C O . tension (and pH ) on th e  c h a ra c te r is t ic s  
o f  Rm 5 P + S  c e lls  growing in continuous cu ltu re  a t a re la tiv e ly  high dilution 
r a t e .  ( 'Q uickfit' chem ostat, PY R /M A Lm edium  + 0 .1  M phosphate  buffer, 
pH  6 .8 , 35° C, 2000 lux, D = 0 .1 1 2  h ' 1 ).
pH 6-8
Plate 3 .3 3
’C o u lte r  p ro file s ’ of the c e lls  from  stead y  s ta te  (1) and steady  s ta te  (4 ). 
(T ab le  3 .7 ) .
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ap p eared  to h av e  lit tle  effect on p reventing  the lo ss  of s ta b il i ty  of the 
P +  S ce lls  a t high dilution r a te s .  Instab ility  of grow th of P +  S ce lls  a t  
30° C in a ch em o sta t with CC>2 pH co n tro l, how ever, w as n e v e r  o bse rved . 
T h e  so lub ility  of COg is reduced  a t h igher te m p era tu re s  a n d  a s ign ifican t 
reduction  in the soluble CC^ tension m ay w ell con tribu te  to th e  instab ility  
of the P +  S c e llu la r  exp ression  a t 35° C . A lte rna tive ly  the  P + S ce lls  
m a y b e  te m p era tu re  sen s itiv e , although  th is se em s un like ly , since under 
b a tch  conditions P + S c e lls  w ill grow  sa tis fa c to r ily  a t  incubation 
te m p era tu re s  up to 40° C.
At the low er pH values, P + S c e ll  grow th w as co n s id e rab ly  lim ited and 
th e re  w as a sign ifican t drop in the cu ltu re  absorbance and C o u lte r  count.
In addition th e re  w as an in c re a se  in the c e ll volum e with a  c h a ra c te r is t ic  
change in th e 'C o u lte r  p ro file ' (Plate 3 .3 3 ) .  U nder the ligh t m ic ro sco p e  
the c e lls  w ere  elongated  and d is to rte d , suggesting that the c e l l  division 
p ro c e s se s  w ere  a ffec ted . T h is re su lte d  in eventual cu ltu re  w ashou t.
E ffect of changing from  CO^ to ac idpH  co n tro l.
T h is  experim en t is d esc rib ed  in section 3e.
Continuous cu ltu re  of 'n o rm a l' heterogeneous Rm 5
Only byusing an L .H .E . 1/1000 la b o ra to ry  fe rm e n te r  w as it  possib le  to 
grow  a 'n o rm a l 'c u ltu re  of Rm 5 c ontinuously, and m aintain a s tead y  s ta te . 
An incubation te m p e ra tu re  of 30° C and an incident light in te n s ity  of 4000 
lux w e re  em ployed. T he pH (7. 55) w as con tro lled  using 0 .1  M H C lan d  
c i ta t io n  of the cu ltu re  w as re la tiv e ly  slow  ( s t i r r e r  r a te , 200 r . p . m .  ).
An exponential cu ltu re  w as used a s  inoculum  and allowed to g ro w  to the 
m id-exponen tia l phase  of grow th (a b so rb a n c e ^ ^  ~  1 ,5 )  befo re  th e  medium 
(PYR/MAL and o . 1 M phosphate buffer, pH 6. 8) flow was s ta r t e d  (62 m 1/h 
D = 0 .031 h Vt Ms flow r a te  w as la te r  in c reased  to  93 m l/h  when the 
cu ltu re  absorbance reach ed  approx im ate ly  1 ,9 . A drop in c u l tu re  density 
o c c u rre d  and a s teady  s ta te  w as rea ch ed .
Steady s ta te  (30° C, 2 0 0 r .p .m . ,  4000 lux)
C u ltu re  abso rbance  540 nm 
S w arm er absorbance 540 nm 
pH
1. 4
0 .04
7.55
The steady  s ta te  c u ltu re  w as com posed a lm o s t e n tire ly  of m u ltic e llu la r  
a r r a y s  (m icrocolon ies and cha ins of c e l ls )  although low num bers of m o tile  
sw arm  c e lls  and the o cc as io n a l ex ospo re  w ere  a lso  p re se n t. G row th of 
ce lls  on th e s id e s  of the fe rm e n te r  v e s s e l  w as a lso  evident but th is w as 
rem oved  by in te rm itte n tly  in c reasin g  the s t i r r in g  r a te  to its m axim um  
value. High agitation  r a te s  fo r co n s id erab le  lengths of tim e w ere  
d e le te rio u s  to c e ll  g row th  resu ltin g  in b reakage of p ro s th ec a , c e ll  ly s is  and 
cu ltu re  w ashout.
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( e ) S im plified c e llc y c le . Mutation o r  a r e s p o n s e  to an environm ental 
stim ulus ?
Work has been p re se n ted o n  the m orphology an d  physiology of the P +  S 
c e llu la r  ex p ressio n  of Rm  5 in batch and con tinuous cu ltu re . Perhaps the 
m ost s ig n ifican t question to ask  concerns the o r ig in  of this sim plified  c e ll 
cy c le . Is it the  exp ressio n  of another ce ll type o f  Rm 5. p roduced a s  a 
re sp o n se  to env ironm en ta l conditions( and if so  w h a t is the s tim u lu s  ? 
A leternatively  a r e  P +  S c e lls  m utants se lec ted  o u t by the chem ostar ?
15 li t re  batch fe rm e n te r  s tu d ies
The following section  (3f) of th is th es is  is confined  to the behaviour of 
R m 5 under d iffe ren t env ironm enta lcond itions in a  15 litre  batch fe rm e n te r . 
In itia lly> P + S c e lls  w ere  observed  and iso lated  in a chem ostat but detailed  
w ork has also  rev e a le d  the p re se n ce  of such c e lls  a lbeit in v e ry  low 
n u m b e rs , u n d er 'n o rm a l' batch conditions. C onsequently  it is  n ecessa ry  
to p a rtia lly  detach  one of a s e r ie s  of experim en ts an d  d iscuss the re su lts  
se p a ra te ly .
A 'n o rm a l' cu ltu re  of Rm 5w as grown in the 15 l i t re  batch fe rm en te r  on 
rou tine  m edium  (PYR/MAL and 0.1 M phosphate b u ffe r( pH 6 .8 )  a t 30° C 
w ith an incident light in tensity  of 9000 lux. The CO^ tension in the cu ltu re  
w as m onitored,using the silico n e  c o il/k a th e ro m e te r  technique. Sam ples 
w ere  rem oved  a t  re g u la r  in te rv a ls  for the m e a su re m e n t of cu ltu re  
ab so rb an ce( and sw arm  c e lls  w ere  se p ara te d  (g la ss  wool colum n technique) 
s e r ia l ly  diluted, and p la ted  eu ton  to so lid  m ed ium . The p la tes  w ere 
incubated an aerob ica lly  in the light, and the co lo n ies  sco red  fo r type (rough 
o r  smooth) and num ber (F ig . 3 .2 4 ).
A typ ical lag phase , exponential phase, s ta tio n a ry  phase growth cu rve 
w as observed  fo r the c u ltu re . However, an in it ia l  drop in the viable sw arm  
c e ll  num ber w as evident, and probably a consequence of the change in 
env ironm enta l conditions (light, CO j tension ) ex p e rien ced  by the log phase 
inoculum  being d ilu ted  into 15 l i t re s  of f re sh  m ed iu m . Swarm c e lls  w ere  
produced throughout exponential growth to a m ax im um  of 6 x 10 /m l 
befo re  a sligh t reduction  in the num ber o cc u rre d  p r io r  to the onset of the 
s ta tio n a ry  phase . No sm ooth sw arm  ce ll colonies w e re  detected un til a f te r
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F ig . 3 .2 4
Some c h a ra c te r is t ic s  o f ’n o rm a l ' heterogeneous Rm 5 c e lls  grown photo- 
sy n th e tica lly  in a 15 li t re  batch fe rm e n te r  (PYR/MAL m edium  + 0 .1 M  
phosphate buffer, pH 6 .8 , 30° C 9000 lux, s t i r r e r  r a te  100 r . p .  m . ).
( X ) C u ltu re  density  . (A bsorbance 540 n m ).
( o )  % (v/y) C0 2 in 8uspensicn (S iliconeco il/ka therom eter techn ique).
( •  ) Swarm  ce ll v iable coun t. (Sw arm  ce lls  se p a ra te d  by the g la ss  wool 
colum n technique, p la ted  ou t, and incubated in an 'an aero b ic  bag '.
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about 75 h. of cu ltu re  grow th when the cu ltu re  density  w as re la tiv e ly  high 
(ab so rb an c e^ Q  ~  3 .0 ) .  1 - 2% of the sw arm  c e lls  p ro d u ced  then gave r is e
to sm ooth co lon ies> c h a ra c te r is t ic  of ce lls  of the s im p lified  cyc le . T he 
production  of th is colony type coincided with the m axim um  C O ^ tension of 
the cu ltu re  m edium > which m ay  indicate tha t CO^ is involved as the 
s tim u lu s fo r  exp ression  of the sim plified  c e ll  cy c le . M o reo v e r , the 
involvem ent of CO2 a s  a p ro b ab le  tr ig g e r  fo r  d iffe ren tia tion  in o ther 
o rg an ism s has been w idely im plica ted  (Lones and Peacock( 1960; B artn ick i- 
G arc ia  and N ickerson , 1962a;R oberts> 1964; E lm e r and N ick e rso n j 1970).
C hem ostat s tu d ie s . Acid o r  CO^ -pH co n tro l
Rm 5 P + S c e lls  w ere  grown in a 'Q uickfit' chem ostat u n d e r  re la tiv e ly  high 
C O ^tension  (gaseous CO2 a s  pH con tro l agen t) which w as then  considerab ly  
red u ced  by changing o v er to a c id  pH con tro l. The c e lls  w e re  grown a t 30° C 
w ithan  incident light in tensity  o f 2000 lux. A naerobiosis w a s  m aintained 
by bubbling oxygen-free n itrogen  through the cu ltu re  at a flow  ra te  of 25 
m l/m in .
A n o rm a l cu ltu re  of Rm 5 w as used as  inoculum  and P +  S ce lls  w ere  
se lec ted  out by the batch run technique (section 3a) using CC>2 to co n tro l 
pH u n til a steady s ta te  w as ob ta ined  (dilution r a te  = 0 ,0184h  } C ontrol of 
pH w as then changed from  COg to acid  (0.1 M HC1) and the behav iour of 
the c e lls  c lo se ly  follow ed. C u ltu re  com position ( % P S) w as  evaluated 
u s in g  the sy rin g e  technique. F ig . 3 .25  shows the re s u lts  ob ta ined .
Reduction of the cu ltu re  CC^ tension had an ad v e rse  e ffec t on the c e lls  
and re su lte d  in a drop in the c u ltu re  density . A fter 12 days th e  cu ltu re  
density  w as n ea rly  half its  s teady  s ta te  value> and its  com position  was 
s ign ifican tly  a l te re d . Growth of c e lls  on the w alls  of the fe rm e n te r  v e s se l 
w as ev iden t> and a la rg e  num ber o f 'n o rm a l' c e lls  (m u ltice llu la r  a r r a y s )  
could be observed  under the light m ic ro sco p e . T h is  w as re f le c te d  by a 
sign ifican t drop in the m easu red  p ercen tage  of P +  S c e lls  in th e  cu ltu re . 
Changing the pH co n tro l back to carbon  dioxide had little  im m ed ia te  effect 
on the c e llu la r  e x p re ss io n . H ow ever) a fte r  approxim ately  4 days of 
in c reased  C O j tension, the c u l tu re  absorbance began to in c re a s e . 
D isappearance  of 'n o rm a l' c e lls  w as evident, and the p e rc en ta g e  of P + S
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F ig . 3 .25
T he effec t o f reg u la tin g  the CC^ tension (by changing from  CC^ to ac id  pH 
c o n tro l and v ice  v e r s a ) on the behaviour and exp ressio n  of Rm 5 c e lls  
grow ing photosyn thetically  in continuous cu ltu re  a t  low dilution r a te .  
( 'Q u ickfit' ch em o sta t, PYR /M A Lm edium  +  0 .1  M phosphate buffer, 
pH 6 . 8, 30° C, 2000 lux . D = 0 .018 h ' 1 ).
( V )  T o ta l c u ltu re  density . A bsorbance 540 nm .
(■ )  P + S d en s ity . A bsorbance 540 nm . P +  S c e lls  w ere  se p a ra te d  from  
the m u ltic e llu la r  a r r a y s  using  50 m l sy r in g e s  packed with g la s s  wool 
(Section 2 ) .
( o )  %P + S c e lls  (i . e .  A bsorbance 540 nm P -+S
A bsorbance 540 nm to ta l cu ltu re
x 100)
PERCENTAGE 
‘P*S‘
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c e lls  in c re ase d . R ecovery  of the P + S c e lls  o c c u rre d  and a steady s ta te  
cu l tu re  com posed o f sim plified  ce lls  w as ob ta ined . It i s t th e re fo re , 
ap p a re n tth a t C C ^ is  involved in m aintaining ex p ress io n  of the sim plified  
c e ll  cyc le .
E nvironm ental in fluence on sw arm  ce ll ex p ressio n
H ere the ob ject w a s  to grow 'n o rm a l' Rm 5 sw arm  c e lls  in batch 
cu ltu re  under d iffe re n t environm ental conditions to  identify th o se ( if any> 
w hich influenced the exp ression  of the sim plified  c e l l  cyc le .
'N o rm a¡'h e tero g en eo u s Rm 5 was cu ltu red  in a  15 l i t re  batch fe rm e n te r  
(30° C, 9000 lux inc iden t illum ination) on rou tine  m edium  and the sw arm  
c e lls  se p ara te d  by th e  g la ssw o o l column technique. T h ese  w ere  then 
inoculated (20 m l)  in to  duplicate 250 m l B19 shake f la sk s containing 100 m l 
of PYR/M AL grow th m edium  and 0 .1  M phosphate buffer. Growth m edium  
of d iffe ren t pH va lues (6 .0  to 8 .0 )  was em ployed and a lso  m edium  
supplem ented w ith d iffe ren t concentra tions of sod ium  b icarbonate  (0 .0 0 2 % (w /v ) 
to 0.02%<W/v)). Incident light in tensity  w as also  u se d  as  a p a ra m e te r .  A ll 
f la sk s w ere  incubated a t 30° C. Sam ples w ere  rem o v ed  a f te r  24 h 
incubation fo r m ic ro sco p ic  exam ination andplating  out on to so lid  m edium  
fo r colony type a n a ly s is  (Table 3 . 8 ). None of the cond itions em ployed 
sign ifican tly  in c re ase d  the frequency of smooth co lo n ies  (P +  S ). The 
c o n tro lfla sk  which contained 120 m l of sw arm  c e lls  in o rig in a l eluent 
m edium  had a freq u en cy  of smooth colony o c c u rre n c e  of about 0 ,1 8 % . Only 
th re e  of the a l te re d  p a ra m e te rs  gave smooth colony freq u en c ies  higher than 
th is , but th e re  w as no evidence to suggest that,ind iv idually , e i th e r  light 
in tensity , pH o r CC^ tension  influenced P +  S c e ll p ro d u ctio n . Simple 
env ironm en ta l c o n tro l ap p ears  unlikely and a com bination of env ironm enta l 
influences m ay be re sp o n s ib le  fo r the expression of the sim p lified  c e ll  cyc le  
o f Rm 5 .
Perhaps the m o st s tr ik in g  observation of these ex p e rim en ts  concerned 
sw arm  c e lls  'g row ing ' ae ro b ica lly  in the d ark . M otility  w as re ta in ed  fo r a t 
le a s t 48 h  and developm entw as com pletely a r r e s te d  .which g iv e s  fu rth e r 
sup p o rt to the fact tha t sw arm  ce ll developm ent is inhibited  by low 
illum ination (C .S . Dow, p e rso n a l com m unication ).
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T ab le  3 .8
T he e ffec t of d iffe ren t env ironm enta l conditions (light, pH, CO^ tension ) 
on the ex p ress io n  of 'n o rm a l ' heterogeneous Rm 5 sw arm  c e l ls .  (C u ltu re 
sam p les  (batch) w ere  rem oved  a f te r  24 h incubation a t 30° C and exam ined
m ic ro sc o p ic a lly . S am ples w e re a lso  p la ted  out and incubated anaerob ica lly  
fo r colony type a n a ly s is ) .
E nv iro n m en ta l M icroscopic Rough Smooth % sim p lified
C onditions Exam inations colon ies colonies c e lls
C on tro l ' N orm a l'deve lopmen t s to re d
1103
s to re d
1 0 .1 8
(ph 7 .0 ) 200 'N o rm a l' developm ent 1436 0 -
Incident 800 ’N o rm al' developm ent 1208 1 0.08
light
in tensity 3000 ’N o rm a l’ developm ent 2392 2 0 .0 8
(Lux) A er dark  L ittle  g row th . Swarm  ce lls 500 0 —
m otile
(2000 lux) 6 .0 'N o rm a l' developm entjgood 
grow th
'N o rm a l' developm ent;good
2811 4 0 .1 4
6 .4 2095 3 0 .1 4
grow th
In itia l 6 .8 'N o rm a l developm ent;good 800 2 0 .2 5
m edium growth
pH
7 .2 'N o rm a l' developm ent;good 
grow th
'N o rm a l' developm ent ¡good
1300 4 0 .3 0
7 .6 1165 0
growth
8 .0 'N o rm a l' developm entjgood 1000 1 0.1
growth
(pH. 7 .0 0 .002 'N o rm a l development.-good 1244 1 0 .0 8
2000 lux) 0 .005
grow th
'N o rm a l' developmen ¡good 975 1 0. 10
B icarbonate
0 .007 'N o rm a l' developm ^fit°good 647 0 _co n e . growth
%(w/v) 0.01 'N o rm a l' developm ent;very 
good growth
'N o rm a l' developmen t;poor
804 0 —
0 .0 2 870 3 0 .3 5
growth
F luctua tion  te s t
An extension of the sy stem ,usedby  L uria  and Delhi:lick (1943) w as 
app lied  to  Rm 5 to de term ine  w hether P +  S ce lls  a r is e  by m utation o r  a s  a 
re sp o n se  to en v iro n m en ta ls tim u li.
A s ta tio n a ry  phase cu ltu re  of 'n o rm a l ' heterogeneous Rm  5 w as u se d  to 
inocu late  20 independent su b cu ltu res  w hich w ere  then grown under iden tical 
co n d itio n s. 500 m l bo ttles containing rou tine  grow th m edium  (500 m l 
PY R /M A Land 0 .1  M phosphate b u ffe r)  w ere  used  as  c u ltu re  v e s se ls  and 
incubation was a t 30° C with incident illum ination of 1000 lux. Sam ples from  
each c u ltu re  w ere  rem oved during v e ry  e a rly  and v ery  la te  exponential 
grow th and rap id  separation  of the sw arm  c e lls  w as effec ted  by p assag e  
through a sy ringe packed with g la s s  w oo l. The individual sw arm  c e ll  
f ra c tio n s  w ere  then se r ia lly  diluted and pla ted  out on to so lid  m edium . The 
p la te s  w e re  incubated in an 'an aero b ic  bag ' and the co lon ies sco red  fo r 
type and num ber.
T he m utation hypothesis would lead to  the following p red ic tio n : - although 
the independent cu ltu res  a r e  the sa m e  w ith  re sp e c t to to ta l s iz e  of population 
som e m ay  have ex p e rien ced  a m utation a t an e a r ly  g en e ra tio n  and thus 
y ield  a h igh  num ber of P + S colonies (sm ooth ) by the la te  exponential p h ase f 
w h ils t w ith  o thers a m utation m ay have o cc u rre d  during v e ry  late 
exponen tia l phase, so resu ltin g  in only a few P + S co lon ies i .e .  the 
independen tcu ltu res would show a w ide fluctuation in th e ir  content of P + S 
c e lls .
H ow ever, if P + S c e lls  a r e  a phenotypic expression  of Rm 5 under 
en v iro n m en ta l con tro l, each cu ltu re  should  produce approxim ately  the sam e 
num ber o r  proportion  of sm ooth co lo n ies .
T h e  r e s u l ts  o b ta in ed , however , w as disappointing, inadequate and 
inconclusive  (Table 3 .9 ) .  T he m utation theory  m ay p o ssib ly  have been 
favou red . Less than h a lf the cu ltu re s  gave r is e  to sm ooth colon ies in the 
late exponen tia l phase sam p le s> and if env ironm enta l c o n tro l was opera ting  
all would have been expected to g ive r i s e  to  som e P + S c e l ls .  A fluctuation  
in the nu m b er and percen tage of sm ooth colon ies is ap p a ren t in the la te  
exponen tia l phase sam ples and th is> taken on its own> would give suppo rt 
to the m utation theory . However, 9 of th e  ea rly  exponentialphase sam p les  
gave r i s e  to  sm ooth colonies and these c u ltu re s  would be expected  to g ive  r is e  
to la rg e  c lones of P + S c e lls  and sign ifican tly  h igher p e rcen tag es of sm ooth 
co lon ies by late exponential phase . T h is  , how ever, was not the ca se .
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T a b le  3 .9  R esu lts  of 'fluctuation  te s t '
M g  l » e nf!?41b  ) ____ h )
Bottle
nu m b er
Rough Smooth 
co lon ies colonies
^ s im p lified
c e lls
Rough
colonies
Smooth
co lo n ies
% s im plified  
c e lls
1 880 0 0 3058 2 0 .0 6
2 988 0 0 1690 3 0 .17
3 1320 3 0 .2 2932 1 0 .03
4 950 0 0 1215 0 0
5 1000 0 0 492 0 0
6 622 0 0 194 0 0
7 301 0 0 4560 0 0
8 500 0 0 2388 5 0.21
9 888 0 0 2400 0 0
10 2456 1 0 .0 4 1062 0 0
11 2632 1 0 .04 6016 0 0
12 2424 1 0 .04 212 0 0
13 1860 0 0 2483 6 0 .24
14 640 1 0.16 2032 1 0.04
15 2430 3 0 .12 3021 0 0
16 1800 2 0.11 4952 16 0 .34
17 960 0 0 3552 8 0 .2 2
18 800 0 0 2300 0 0
19 4000 4 0 .10 1861 4 0 .2 2
20 200 2 1.0 3340 0 0
Inoculum - ~ ~ 1861 0 0
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(f ) 15 lit re  batch fe rm e n te r  s tud ies
During batch grow th o f  a 'n o rm a l' heterogeneous c u ltu re  of Rm 5. the 
production of sw arm  c e lls  o cc u rs  during the early  and m id -exponen tia l 
phase . Oi approaching s ta tio n a ry  p h ase ,sw a rm  c e ll  p roduction  is  r e p r e s s e d j 
and m ost of the sw a rm e rs  m a tu re  and develop to a ce rta in  ex ten t before the 
onse t of sporulation  . F ew  sing le  sw arm  c e lls  a r e  p re se n t in such a 
s ta tio n a ry p h a se c u ltu re . H ow ever, un d er certa in  conditions, and fo r  no 
apparen t rea so n , re la tiv e ly  high num bers of sw arm  c e lls  a r e  p roduced  and 
accum ulate in the s ta tio n a ry  ph ase  c u ltu re . H ere it would a p p e a r  tha t e i th e r  
rep re ss io n  of sw arm  c e ll  production  fa ils  to occu r, o r th e ir  developm ent is 
a r r e s te d .  Behaviour of a  c u ltu re  in th ism an n e r h asa lw a y s  been observed  
to p rev en t sporu la tion .
CC>2 has a lread y  been im p lica ted  a s  a p ossib le  't r ig g e r ' fo r  P + S ce ll 
production and it would a p p e a r  top lay  a m a jo r  ro le  in the reg u la tio n  of o the r 
ce llu la r  expressions in R hodom ic ro b iu m . In th is section , e x p e rim en ts  w ere  
perfo rm ed  to exam ine the behav iour of Rhodom icrobium  u n d e r d iffe ren t 
batch conditionsand  in p a r t ic u la r  CO^ ten sio n . It was hoped to elucida te  
w hether CC ^,light in tensity  and pH w ere  stim u li fo r sw arm  c e ll p roduction . 
T h e ir  effect on sw arm  c e ll  developm ent w as a lso  studied . T h e a b ility  of 
Rhodom icrobium  to s p o ru la te is  lo s t w ith continual batch subcu ltu ring , 
th e re fo re  a ttem pts w ere  m ade to induce sporu lation  by applylngknow n 
environm ental s tim u li.
F o r  the purpose of th e se  ex p e rim en ts , a 15 litre  batch fe rm e n te r  w as 
em ployed, the CO j tension o f the cu ltu re  being continuously m onito red  by the 
u se  of a subm erged s ilico n e  co il connected  d irec tly  to a leather o m e te r . T h is  
apparatus proved ideal fo r  m onitoring  c u ltu ra l env ironm ents w h ils t 
investigating the ce llu la r  e x p re ss io n  of R hodom icrobium . U nfortunately  
tim e  p erm itted  only afew o f the m a n y p o ssib le  experim en ts to  be p e rfo rm ed .
(i ) S ta n d a rd 'ru n '. ( 'N o rm a l 'c e lls . PYR/MA L m edium , no pH c o n tro l).
This was th e 'c o n tro l ' ru n  and involved growing Rm 5 under ro u tin e  batch 
cu ltu re  conditions. A log p h ase  cu ltu re  of 'n o rm a l' heterogeneous Rm 5 was 
used as  inoculum . Routine grow th m edium  (PY R/M AL+ 0 .1  M phosphate 
buffer, pH 6 .8 )  was em ployed, and the c e lls  incubated a n a e ro b ic a lly a t 30° C
w ith an incident ligh t in tensity  of 9000 lux and low agitation ( s t i r r e r  speed ,
100 r . p . m .  ). Sam ples w ere  rem oved  a t r e g u la r  in te rv a ls  and 
thoroughly exam ined . F ig s . 3 .26a, 3 .26b , 3 .2 6 c , 3 ,26d and P late 3. 34 
show th e re s u lts  ob tained. C h a ra c te r is tic  behaviour of the cu ltu re  w as 
ap p a ren t, and a 'n o rm a  I 'g ro w th  cu rve w as ob ta ined . T he pro tein  and 
bac te rio ch lo ro p h y llco n ten ts  of the cu ltu re  in c re ase d  a t s im ila r  ra te s  
(F ig .3. 26b) and th e re  w as good co rre la tio n  w ith d ry  w eight (F ig , 3 .26b .).
Sw arm  c e lls  w ere  produced  in la rg e  num bers du ring  the exponential 
p h a s e o f  grow th and th is  w as re flec ted  by the in c re a se  in sw arm  ce ll to ta l 
count (F ig . 3 . 26c ),v iable count (F ig .3 .2 6 d )a n d  d ry  w eight values (F ig . 3 .2 6 b ) . 
T he v iab le counts, how ever, w ere  approx im ate ly  a fac to r of 10 le ss  than the  
to ta l count va lues. It m ight be in fe rred  that only 10% of the sw arm  c e lls  
a r e  v iab le , but this co n tra d ic ts  observa tions of synchron ized  sw arm  c e lls  
developing in s lid e  c u ltu re . The la rge  d iffe rence between v iable and to ta l 
count values probab ly  re f le c ts  th e ac cu rac y  of the techniques involved. F o r  
a v iab le count, the sw arm  c e lls  have to be se p a ra te d  m anually by passag e  
through a g la ss  wool colum n, and w hilst sep ara tio n  is  excellen t, a la rge  
proportion  of sw arm  c e lls  m ay be reta ined  by the packing. P assage through 
the colum n, s e r ia l  dilution an d p la 'in g  out a ll s e rv e  to red u c e  the v iab ility  
of the c e l ls .  In c o n tra s t a to ta l count of sw arm  c e l ls  in a heterogeneous 
cu ltu re  can be e s tim a ted  au tom atica lly  and ' in s i tu ' by the C ou lter coun ter.
An o v e r-e s tim a tio n  in sw arm  c e ll  num ber because o f  p a r tic le  in te rfe ren ce  
is fe a s ib le . A com bination o f th e se  fac to rs  a lm o s t ce r ta in ly  con tribu tes 
to the la rg e  d isc rep an cy  between the to ta l and v iab le  count values of the 
sw arm  c e lls  in c u ltu re .
V aria tion  in the m ean sw arm  ce ll volume during  the specific  growth 
p h ases of the cu ltu re  is  ap p aren t (F ig , 3 .2 6 c ) ,  T h e  la rg e s t sw arm  c e lls
3
(mean volum e 0 .9 0 tim  ) w ere  p re se n td u rin g  the m id -exponential growth 
p h ase . T h e  ’C oulter p ro f i le ’ of such ce lls  (Plate 3 .3 4 )  consisted  of a broad 
peak and a s izeab le  shou lder, the la tte r being ind icative  of rap id  m aturity  
and developm ent. D evelopm ent of the sw arm  c e lls  ap p eared  to  be 
p ro g re ss iv e ly  inhibited a f te r  the m id-log grow th p h a se u n til, by s ta tionary  
phase la rg e  num bers o f sm a ll undeveloped sw arm  c e lls  (Plate 3 .3 4 )
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[ 'C o u lte r  p ro file ' com posed  of a sing le  tight peak  (mean c e ll  volum e 
0 .7 2 u m ^)]w ere  p re s e n tin  c u ltu re .
T h e p re s e n c e  o fP +  S c e lls  w as not detected  u n til  la te exponential 
phase  (~  80h. ). By s ta tio n a ry  p h ase , how ever, ap p ro x im ate ly  2% of 
the sw arm  ce lls  gave r i s e  to sm ooth colon ies when p la ted  ou t.
Both soluble n itrogen  and oxygen tension rem a in ed  co n s tan t fo r the 
du ration  of the run  bu t th e re  w as a co n sid erab le  in c re a se  in the 
concen tra tion  of d isso lved  CC>2 in the cu ltu re  m edium  (F ig , 3 .2 6 a ) , 
p re su m a b ly  due to the ab ility  of the c e lls  to b reak  down sodium  pyruvate  
by the rea c tio n s  of the TCA cy c le . T he soluble CC>2 tension m axim a (~ 25% 
v /v  ) o ccu rred  during  la te  exponential phase ( ~  80 h ) and apparen tly  
co incided  with the ap p earan ce  o fP  +  S c e lls .  T h e  pH behaviour of the 
c u ltu re  w as typical, reach in g  a v a lu é  of 8.1 by s ta tio n a ry  phase, and a 
drop in the C 0 2 ten s io n o f the cu ltu re  w as a lso  ap p a ren t.
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F ig . 3 . 26a
P ro p e rtie s  exhibited by a batch c u ltu re  of 'n o rm a]’ heterogeneous R m  5 
c e lls  grown in the 15 li tre  fe rm e n te r  on FYR/MAL m edium  under ro u tin e  
conditions (30° C, 9000 hix, 100 r . p . m . ) .
( A )  C ulture pH ( o )  D issolved C 0 2 tension
( x ) C ulture absorbance (540 nm ) ( .  ) D issolved O., tension
( ■ >  C ultu re  abso rbance (890nm ) ( . )  D issolved N2 tension
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F ig . 3 .26c
( X) C ulture density . A bsorbance 540 nm .
( r  ) Swarm  ce ll count p e r  m l. (C ou lte r co u n te r) .
3
( t7 ) Mean sw arm  c e ll  volum e > • (C oulter channely ser ).
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Fig. 3. 26d
( X )  
( • )  
( o )
C ultu re  density . A bsorbance 540 
Swarm  ce ll viable count p e r  m l. 
CO2 tension in suspension .
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Plate 3 .3  ^
' C ou lter p ro file s '
(A ) M id-exponentia l grow th phase  (48 h ) s w a rm  c e lls .
(B) Sw arm  (sing le) c e lls  in the cu ltu re  s ta tio n a ry  phase  (140 h. ).
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( ii)  'N o rm a l' heterogeneous Rm 5 c e l ls .  Batch cu ltu re  a t  constan t pH .
T h e  behav iour of a ’n o rm a l'h e te ro g en e o u s  cu ltu re  of R m 5  growing at 
co n s tan t pH w as follow ed. Routine grow th m edium  (PYR/M AL +  0 ,1  M 
phosphate  buffer, pH 6. 8) w as used , and th e c u ltu re  pH m ain ta ined  a t a 
v a lue  of 7 .0 5 by the autom atic addition of 0 .1  M HC1. C e lls  w ere  
incubated an aero b ica lly , s t i r r e r  speed 100 r . p . m . ,  a t 30° C with an 
inciden t light in tensity  of 9000 lux.
T h e  fac t that the ce lls  w ere  grown at constan t pH had little  effect on 
the shape of the cu ltu reg ro w th  cu rv e  (F ig . 3 .2 7 a ) . pH lim itation  was 
un likely  to be re sp o n s ib le  for the g rad u a l slow ing down of c e ll  grow th ra te  
a t high c u ltu re d e n s ity a n d  light lim itation is im p lica ted . A close  
c o rre la tio n  ex is te d  between the soluble CC^ tension and c u ltu re  grow th 
(F ig .3 . 27a) and a high soluble CC^ tension (57%) (v /v ) accum ulated by 
s ta tio n a ry  p h ase . T h e re  w as no reduction  in the so lub leC O ^ tension during 
la te  g row th . A d ro p  in the num ber of sw arm  c e lls  p re se n t w as apparen t 
(Fig . 3 . 27b) in com parison  to th e 'c o n tro l ' ex p erim en t (previous 'r u n ') .
It w ould ap p ear, th e re fo re , that sw arm  cel! production is  affected  by 
g row th  a t low a n d /o r  constan t pH . T he 'C o u lte r p ro file ' of s ta tio n a ry  
p h ase  s w a rm c e lls  w as s im ila r  to that o flog  phase  sw arm  c e lls  (Plate 3 .3 5 ) 
and a b ro ad p e ak an d  sizeab le  shoulder can be o bserved  in both c a se s . 
U nlike sw arm  c e lls  from  the s ta tio n a ry  phase of th e  'c o n tro l ' cu ltu re , 
developm ent was no t inhibited. The conditions of pH co n tro l w ere  
conducive to the production  and developm ent of sw arm  c e lls  throughout 
g row th . In the ab sen ce  of pH co n tro l sw arm  c e ll production o cc u rs , but 
th e ir  developm ent is  a r r e s te d .  Although developm ent of sw arm  ce lls  was 
ap p a ren t throughout the grow th of the cu ltu re  a t constan tpH , considerab le  
d iffe ren ces in the sw arm  c e ll  volume w ere  s t i l l  ev iden t during the cu ltu re  
grow th phases (P la te 3 .3 5 ). The mean volum e of the sw arm  c e lls  p re se n t
in suspension  in c re ase d  during the e a rly  exponentia l phase of the cu ltu re
3 3to a m axim um  of 1 .0 4  y.m , and then d ec reased  rap d ily  to  0 .7 2  tim by
s ta tio n a ry  phase . T h e  volume of the sw arm  c e lls  p roduced appeared  to
be governed  by the grow th r a te  of the m other c e lls .
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F ig . 3 .27a
P ro p e rtie s  exhibited by a batch cu ltu re  o f  'n o rm a l' Rm 5 c e lls  grown 
in the IS l i t r e  fe rm en te r  on PYR/MAL m edium  a t constan t pH (7 .0 5 ) 
(30° C, 9000 lux, 100 r . p „ m .) .
( •  ) C u ltu re  density . A bsorbance 540 nm .
(•* ) CO^ tension in suspension .
( ■ )  pH.
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F ig . 3 .27b
( *  ) C u ltu re  density . A bsorbance 540 nm.
( o  ) Swarm  ce ll count p e r  m l. (C oulter c o u n te r) .
3
( a ) Mean sw arm  c e ll volume, pm . (C oulter channely ser ).
C o u lter p ro file s '
M id-exponential grow th phase (60 h ) sw arm  c e l ls .
Swarm (single) ce lls  in the s ta tio n a ry  phase  c u ltu re  (220 h )
P la te  3 .35
(A)
(B)
( iii)  N orm al' heterogeneous Rm 5 c e lls .  Batch cu ltu re  on sodium  
hydrogen m ala te  (MAL) m edium .
The grow th of Rm 5. under conditions of re la tiv e ly  low C O j te n s io n , on 
m edium  em ploying sodium  hydrogen m alate as  so le  carbon so u rce  is  
known toenhance sporulation  (C .S . Dow, this labo ra to ry , p e rso n a l 
com m un ica tion ). In co n tra s t, sporulation of B. su b til is is  r e p r e s s e d  
by grow th on m edium  containing L .m a la te  (Ohne and R u tberg , 1976 ).
In th is  ex p e rim en t, the behaviour of a 'n o rm a l' heterogeneous c u ltu re  
of Rm 5 grow ing on lim iting m alate  growth m edium  w as follow ed. N orm al 
s a lts  m edium  containing sodium  hydrogen m alate  (1 .5  g /1 )  as  so le  carbon  
so u rce  and 0 .1  M phosphate buffer (p H 6 .8) was em ployed. The c u ltu re  
w as incubated an aerob ica lly  a s  u su a l (30° C, 9000 lux, 100 r . p . m . ) .
L ittle  d iffe ren ce  w as observed  in the morphology of the ce lls  g row n 
un d er these  conditions, and exospores w ere  not produced . A n o r m a l  
grow th cu rve  w ith a low sta tio n a ry  phase cu ltu re  density  w as obtained, 
re f lec tin g  the reduction  in thecarbon  concentration of the m edium  (F ig . 3 .2 8 a ) .
The soluble C O . tension of the cu ltu re  w as re la tiv e ly  low th roughout. A
1 ( v / v )
m axim um  value of 10%/CO. had accum ulated  by late exponential p h a s e  but
( V v )  ’
by s ta tio n a ry  p h ase  on ly7%y(vas detec tab le , due to the pH effec t on the
C O ^/b icarbonate  equ ilib rium . Swarm c e lls  w ere  produced  p ro lif ica lly
throughout cu ltu re  grow th, m otility  being re ta ined  r ig h t through to
sta tio n a ry  p h ase . The a lte ra tio n  of carbon sou rce  and reduction  in the
carbon  dioxide concentra tion  had little  effect on the num ber of sing le c e lls
g
p re se n t in the s ta tio n a ry  phase (Fig. 3 . 28b ). 2 .18  x 10 /m l w ere p re s e n t
g
h e re  as  opposed to 2 .0  x 10 /m l  in the con tro l experim en t w here  PYR/M AL 
m edium  was em ployed . T h is s im ila rity  m ay be a ttrib u ted  to  the g r e a te r  
and f a s te r  in c re a se  in cu ltu re  pH under lim iting m alate  conditions, w hereby  
production of sw arm  ce lls  isunaffected , but inhibition of developm ent is 
advanced, re su ltin g  in a g re a te r  num ber of sw arm  c e lls  accu m u la tin g .
Sw arm  ce lls  from  the m id-exponential phase of this cu ltu re  (culture 
abso rbance  540 nm , 1.22, pH 7 .7 )  had a 'C oulter p ro file ' (Plate 3 .3 6 ) 
which suggested  inhibition of developm ent. However, sw arm  ce lls  f ro m  the 
s tan d ard  run a t a s im ila r  grow th phase (cu ltu re abso rbance  1.26, pH 7 .4 )
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O 'i) N o rm al he tero g en eous Rm 5 c e lls .  Batch cu ltu re  on sodium  
hydrogen m ala te  (M AL) m ed ium .
The grow th of Rm 5. u n d e r conditions of re la tiv e ly  low C O j ten sio n > on 
m edium  em ploying sodium  hydrogen m a la te  as  so le  carbon  so u rce  is 
known to en h an ce  spo ru la tion  (C .S . Dow, th is  lab o ra to ry , p e rso n a l 
co m m un ica tion ). In c o n tra s t,  sporulation  ofB, su b tilis  is r e p re s s e d  
by g row th  on m edium  contain ing L .m a la te  (Ohne and R u tberg , 1976).
In th is  experim en t, the behaviour of a 'n o rm a l ' h eterogeneous c u ltu re  
of Rm 5 grow ing on lim iting  m alate  grow th m ed ium w as follow ed. N orm al 
sa lts  m ed ium  containing sod ium  hydrogen m a la te  (1 .5  g / I )  a s  so le  carbon 
so u rce  and 0 .1  M phosphate buffer (p H 6 .8 ) w as em ployed . T he cu ltu re  
w as incubated  an aero b ica lly  a s  u su a l (30° C, 9000 lux, 100 r . p . m . ) .
L ittle  d iffe rence w as o bserved  in the m orphology of the c e lls  grown 
under th e se  conditions, and exospo res w ere  not p roduced . A n o rm a l 
grow th c u rv e w ith a  low s ta tio n a ry  phase c u ltu re  density  w as obtained, 
re f le c tin g  the reduction  in th eca rb o n  concen tra tion  of the m edium  (F ig . 3 ,28a ).
The so lub le  CO tension of the  cu ltu re  w as re la tiv e ly  low throughout. A
1 ( v /v )
m axim um  value of 10% /CO^had accum ulated  by late exponentia l phase , but 
by s ta tio n a ry  phase only 7%<vas detec tab le, due to the pH effec t on the 
C O ^/b icarbonate  eq u ilib riu m . Swarm c e lls  w ere  p roduced  p ro lif ica lly  
throughout cu ltu re  grow th , m otility  being re ta in e d  rig h t through to 
s ta tio n a ry  p h ase . The a lte ra tio n  of carbon so u rc e  and red u c tio n  in the 
carbon d iox ideconcen tra tion  had little  effect on the num ber of sing le  c e lls
g
p re se n t in the s ta tio n a ry  p h ase  (Fig. 3 .2 8 b ). 2 .1 8  x 10 / m l  w ere  p re se n t
g
h e re  as  opposed to 2 .0  x 10 /m l  in the co n tro l ex p erim en t w here  PYR/M AL 
m edium  w as em ployed. T h is  s im ila r  ity m ay be a ttr ib u ted  to  the g re a te r  
and fa s te r  in c re ase  in cu ltu re  pH under lim iting  m ala te  conditions, w hereby  
production  of sw arm  ce lls  isu n a ffec ted , hat inhibition of developm ent is 
advanced, resu ltin g  in a g r e a te r  num ber of sw arm  c e lls  accum ulating .
Sw arm  c e lls  from  the m id-exponentia l phase  of th is  c u ltu re  (cu ltu re 
ab so rb an ce  540 nm, 1 .22, pH 7 .7 )  had a 'C o u lte r  p ro f ile ’ (Plate 3 .36) 
which suggested  inhibition of developm ent. H ow ever, sw arm  c e lls  from  the 
s tan d ard  run  a t a s im ila r  g row th  phase (cu ltu re  ab so rb an ce  1.26, pH 7 .4 )
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w ere  the sam e s iz e , but s t i l l  showed sig n s  of s ign ifican t developm ent.
T he volum e changes of the  sw arm  c e lls  followed the u su a l pattern
during cu ltu re  grow th (F ig . 3.28b). T h e  la rg e s t sw arm  c e lls  (mean 
3
volum e 0 .93  pm  ) w ere  p re se n t during the log phase of grow th, and 
th e ir  s iz e  dec reased  stead ily  with cu ltu re  age (s ta tio n a ry  phase mean
3
volum e = 0 .6 2  pm ).
I h e  num bers o fP  + S ce lls  appearing  w ere  reduced  by 'n o rm a l' 
cu ltu re  grow th on lim iting m alate  m ed ium . L ess than 0 . ^% of the 
sw arm  ce lls  p re se n t in the late exponential phase c u ltu re  gave r is e  to 
sm ooth colonies when pla ted  out.
I
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F ig . 3.28a
P ro p e r tie s  exhibited by a batch cu ltu re  of ’n o rm a l’ h e terogeneous Rm 5 
grown in the 15 l i t re  fe rm e n te r  on MAL m edium  u n d er ro u tin e  conditions 
(30° C ( 9000 lux( 100 r . p . m .  ).
( • )  C u ltu re  d en sity . A bsorbance 540 nm ,
( a ) CO^ tension in su spension .
( •  ) C u ltu re  pH.
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F ig . 3 .2 8 b
( • )  Culture density . A bsorbance 540 n m .
( o ) Swarm ce ll count p e r  m l. (C oulter c o u n te r) .
( û ) Mean sw arm  c e ll  volume, |iin 3 . (C oulter channelyser ).
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Control
P late 3 .36
The ’C o u lte r p ro f ile ’ (solid line ) of sw arm  c e lls  from  the exponential 
grow th p h ase  (100 h ) of the cu ltu re  grown on MAL medium  com pared 
with that (dotted line ) of the co rrespond ing  sw arm  ce lls  from  a cu ltu re  
of s im ila r  density  grown on PYR/MAL m edium .
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(iv ) ' N orm al' heterogeneous Rm 5 c e lls .  Batch cu ltu re  on sodium  
hydrogen m a la te  (MAL) m edium . CO„ tension  re d u c e d .
T h e  effect o fgrow ing  'n o rm a l'h e te ro g en eo u s  Rm 5 un d er low CC>2 
ten sion  w as s tu d ied .
T h e  cu ltu re  w as allowed to es tab lish  itse lf  on n o rm al s a lts  m edium  
contain ing sodium  hydrogen m alate  (1 .5 g / l ) a n d  0 .1  M phosphate  buffer 
(pH 6 .8 )u n d e r  the  u su a l anaerob ic  grow th conditions (30° C, 9000 lux,
100 r . p . m . ). T h e  cu ltu re  abosrbance  540 nm  w as allowed to re a c h  0 .1 5  
b e fo re  oxygen-free nitrogen w as continuously sp a rg e d  through the c u ltu re  
a t a flow ra te  of 40 m l/m in . A g rad u a l reduction in the so lub le CO^ 
tension  o ccu rred  (F ig . 3 .2 9 a ) .  Rem oval of the carbon  dioxide and the 
buffering  effect of b icarbonate  enabled the pH to r i s e  to a high value .
T h is , how ever, had no effect on the s ta tio n a ry  p h ase  cu ltu re  density . 
'N o rm a l' ce ll m orphology w as observed  throughout and spo ru la tion  w as 
not induced. A reduction  of a t  least 50%in the sw arm  ce ll count w as, 
how ever, evident (F ig . 3 .29b). The 'C ou lte r p ro file ' (Plate 3 .3 7 )  of 
sw arm  ce lls  from the  m id-log  phase cu ltu re  (absorbance 540 nm , 0 .74 , 
pH 7 .7 )  indicated  lit tle  developm ent. T his o bse rva tion , toge ther with 
the sw arm  c e ll  volume and count g raphs (F ig .3. 29b) suggests th a t 
inhibition of sw arm  c e ll  production is occu rring  du ring  the m id -exponen tia l 
p h ase  of cu ltu re  g ro w th . It can  th e re fo re  be concluded that conditions of 
high p H a n d /o r  low CC^ tension in te rfe re  with both sw arm  ce ll production 
and subsequent developm ent.
184.
( iv ) ' N o rm al' h eterogeneous Rm 5 c e l ls .  Batch cu ltu re  on sodium  
hydrogen m ala te  (M A L )m edium . CO„ tension re d u c e d .
T h e  effect of grow ing 'n o rm a l'h e te ro g en eo u s  Rm 5 u n d e r  low CO„ 
tension  w as stud ied .
T h e  cu ltu re  w as allow ed to es tab lish  itse lf  on n o rm a l s a l ts  m edium  
contain ing  sodium  hydrogen m alate  ( 1 .5 g / l ) a n d  0 .1  M phosphate buffer 
(pH 6 .8 )u n d e r  the u su a l an aero b ic  grow th conditions (30° C, 9000 lux,
100 r . p . m .  ). T he c u ltu re  ab o srb an ce  540 nm was allow ed to re a c h  0 .1 5  
befo re  oxygen-free n itrogen  w as continuously sparged  th rough the cu ltu re  
a t a flow r a te  o f 40 m l/m in .  A g rad u a l reduction in the so lu b le  CO^ 
tension o c c u rre d  (F ig . 3 .2 9 a ) .  Rem oval of the carbon diox ide and the 
buffering  e ffec t of b ic a rb o n a te  enabled the pH to r is e  to a high value.
T h is , how ever, had no e ffec t on the s ta tio n a ry  phase c u ltu re  density . 
'N o rm a l' c e ll  m orphology w as observed  throughout and spo ru la tio n  w as 
no t induced. A reduction  of a t  least 50% in the sw arm  c e ll count w as, 
how ever, ev iden t (F ig . 3 .2 9 b ). The 'C o u lte r p ro file ' (P late 3 .3 7 )  of 
sw arm  c e lls  from the m id -lo g  phase cu ltu re  (absorbance 540 nm, 0 .7 4 , 
pH 7 .7 )  ind icated  little  developm ent. T h is  observa tion , to g e th er with 
the sw arm  c e ll volume and count g raphs (F ig .3 . 29b) su g g e s ts  that 
inhibition of sw arm  c e ll  production  is occu rring  during the m id -exponen tia l 
p h ase  of cu ltu re  g row th . It can  th e re fo re  be concluded th a t conditions of 
high p H a n d /o r  low CC>2 tension  in te rfe re  with both sw arm  c e ll  production 
and subsequent developm ent.
F
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F ig . 3 .29a
P ro p e rtie s  exhibited by a batch cu ltu re  of ’n o rm al' heterogeneous Rm 5 
c e lls  grown in the 15 l i t r e  fe rm en te r  on MAL m edium  under conditions 
of reduced  CC>2 ten sio n . (N sweep 40 m l/m in  ). (30° C, 9000 lux 
100 r .p .m .  ).
( • )  C ulture d en s ity . A bsorbance 540 nm .
( a  ) CC>2 tension in suspension .
( ■ ) C ulture pH.
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F ig . 3 .29b
( • )  C u ltu re  density . A bsorbance 540 nm .
( o  ) Swarm ce ll count p e r  m l. (C oulter c o u n te r) .
3
( û ) Mean sw arm  c e ll volum e, urn . (C oulter c h a n n e ly se r) .
1 8 7 .
Place 3.37
The 'C o u lte r  p ro file ' of sw arm  c e lls  from  the exponential grow th phase  
(72 h ).
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(v ) ' N o rm a l'h e te ro g en e o u s  Rm 5 c e l ls .  Batch cu ltu re  on sodium  hydrogen 
m a la te  (M A L)grow th m edium . CCh, tension g re a tly  re d u c e d .
T he grow th  conditions em ployed h e re  w ere  iden tical to those of the 
p rev io u s ex p e rim en t, except that oxygen-free n itrogen w as sparged  
through the  cu ltu re  a t  the h igher r a te  of 90 m l/m in . T he reduction  in the 
so lub le CC>2 tension w as m o re  rap id  and su b stan tia l, and a g re a te r  
s ta tio n a ry  phase pH w ase v id e n t (F ig . 3 .3 0 a ) . As a consequence, the  
s ta tio n a ry p h a se c u ltu re d e n s ity  w as sligh tly  reduced  due to pH lim ita tion  
of g ro w th . High pH, how ever, and very  low CO^ tension, did not induce 
sp o ru la tio n . A slig h t d rop in the num ber of sw arm  c e lls  produced  by 
the c u ltu re  w as ap p a ren t (F ig .3 .30b) and itm ig h t be in fe rred  that the 
fu r th e r  reduction  in the CO^  tension is  re sp o n sib le . H owever, i t  is  m o re  
likely  to be an insign ifican t obse rva tion  asso c ia te d  with pH lim ita tion  of 
cu ltu re  g row th . The s lig h t reduction  in the sw arm  ceJi count tow ards 
the en d o f th e ex p e rim en t (F ig .3 . 30b) is a lm o st c e rta in ly  due to ly s is  and 
not th e ir  developm ent, which c e a se s  during th e e a r ly  cu ltu re  g ro w th . The 
'C o u lte r  p r o f i le 'o f  sw arm  c e lls  p re se n t during the m id -exponen tia l ph ase  
of the c u ltu re  grow th once again ind icates little  sign of developm ent 
(Plate 3 .3 8 ) .  The m ean volum es of the sw arm  c e lls  p re se n td u r in g  the 
specific  g row th  phases of the cu ltu re  w ere  s im ila r  to values obtained in 
the p rev io u s  experim en t, i . e . the volum e of the sw arm  c e lls  p re s e n t  w as
3
m a x im a l(0 .96  pm ) during e a r ly  cu ltu re  growth, and then p ro g re ss iv e ly
3
d ec re a se d  to  a m inim um  value of 0 .6 9  pm  by s ta tio n a ry  p h ase .
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F ig , 3.30a
P ro p e rtie s  exhibited by a batch cu ltu re  of 'n o rm al' heterogeneous Rm 5 
c e lls  grown in the 15 l i t r e  batch fe rm en te r  on MAL m edium  under 
conditions of g re a tly  red u ced  CC>2 tension . (N sw eep 90 m l/m in  ). 
(30° C > 9000 lux, 100 r . p . m .  ).
( • )  C u ltu re  d en s ity . A bsorbance 540 nm .
( A ) C 0 0 tension in su spension .
( ■ ) C u ltu re  pH.
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F ig . 3 .30b
( • )  C u ltu re  density . A bsorbance 540 nm .
( o )  Swarm c e ll count p e r  m l. (Coulter c o u n te r ) .
O
( û ) Mean sw arm  c e ll volum e, ^m . (C oulter ch annely ser ).
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(vi) ' N orm al' heterogeneous Rm 5 c e l ls .  Batch cu ltu re  on sodium
hydrogen m ala te  (MAL) m edium  in the p re se n ce  o f t r a c e  e le m e n ts .
Since ith a s  been suggested  that the p re se n ce  of tra c e  e lem e n ts  is a 
n e c e s sa ry  re q u is i te  fo r su c ce ssfu lsp o ru la tio n  in Bacilli (H anson> p e rso n a l 
com m unication ; F re e s e > 1972), it w as decided to in v e s tig a te  the effec t 
of g ro w in g Rm 5 on m alate  m edium  (M AL) supplem ented w ith  Pfennig 's 
t r a c e  e lem en t solution (Pfennig, 1969). The cu ltu re  w as incubated  
an aero b ica lly  u nder the u su a l conditions (30° C, 9000 Jux, 100 r . p . m .  ). 
F ig .3 . 31a show s the re su lts  obtained. The behaviour of th e c u ltu re , w ith 
re s p e c t  to pH, CO ^and density  w as unaffected  by tra c e  e le m e n ts  and 
co m p arab le  to the e a r l i e r 'r u n ' ( iii)  p e rfo rm ed  in the a b se n c e  of tra c e  
e lem e n ts . In c o n tra s t, how ever, sporu la tion  did o ccu r, th e  f i r s t  e x o ­
sp o re s  being observed  during the ia te  exponential phase of grow th 
(140 h ) w ith la rg e  num bers of m otile  im m atu re  sw arm  c e l ls  s t i l l  p re se n t.  
E a r l ie r  stud ies  (Dow, 1974) suggested  that sporulation  of R m 5  only 
o c c u rre d  when sw arm  c e ll production had been te rm in a te d , and  the 
developm ent o f m o s to f  the sw a rm c e lls  had been com pleted . In this 
experim en t, how ever, sw arm  ce l!deve lopm en t and p roduction  had been 
inhibited  before onse t of sporulation  , re su ltin g  in both m o tile  sw arm  
c e lls  and ex o sp o res  being p re se n t to g e th e r . A very  high 's w a rm  c e ll ' 
count was a p p a re n t(F ig .3 .3 1 b ), but th is  isn o t a tru e  re f le c tio n  of the 
s itu a tio n . Although the m orphology of exospo res  and sw arm  c e lls  (from  a 
s ta tio n a ry  phase  c u ltu re )  a r e  vastly  d iffe ren t, they have v e ry  s im ila r  
volum es and canno t be distinguished from  one another by the  'C o u lte r ' 
coun ter an d ch an n e ly se r (Plate 3 .3 9 ) .  Any count th e re fo re  r e p re s e n ts  
the sum  of both the sw arm  c e ll and ex ospo re  n u m b e rs . T h e  g rap h  of 
sw arm  c e ll v o lu m eag a in st cu ltu re  age is  typical (F ig .3 , 31b ), with the 
la rg e s t  sw arm  c e lls  being p re se n t during  the m id -exponen tia l phase of 
cu ltu re  grow th . H ow ever, a ra p id  lev e llin g o u t of the cu rv e  o c c u rs  at 
the sa m e  tim e a s  the onse t of spo ru la tion , at which tim e the  g rap h  ce ases  
to be sin g u larly  re p re se n ta tiv e .
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F ig . 3 .31a
P ro p e rtie s  exhibited by a batch cu ltu re  of 'n o rm a l' heterogeneous Rm 5 
ce lls  grown in the 15 l i t r e  fe rm en te r  on MAL m edium , supplem ented 
with tra c e  e lem en ts . (30° C, 9000 lux, 100 r . p . m .  ).
( •  ) C ulture density . A bsorbance 540 nm .
(A ) CC^ tension in su sp en sio n .
( ■ ) C ulture pH.
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F ig . 3 .31b
( • )  C u ltu re  density . A bsorbance 540 nm .
( o )  Swarm  c e ll count ( + sp o re  count) p e r  m l. (C oulter c o u n te r). 
( M  Mean sw arm  c e ll  volume (spore volum e) n m 3 . (Coulter 
channely ser).
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Plate 3 .3 9
The 'C o u lte rp ro f ile ' (dotted line ) of the sing le  ce lls  (sw arm  ce lls  < 
exospores) p re se n t in the s ta tio n a ry  phase c u ltu re , com pared  with that 
of a pu rified  exospore p rep a ra tio n  (solid  lin e ) .
196.
S um m ary  of the behaviour of 'n o rm a l' heterogeneous Rm 5 In the 15 l i t r e  
batch  fe rm e n te r  experim en ts
T h e  m a jo r fe a tu re s  concerning the behav iou r of 'n o rm a l' heterogeneous 
Rm 5 c e lls  in the 15 litre  batch fe rm en te r u n d er d iffe ren t env ironm en ta l 
conditions a re  d isp layed  in T ab le  3 .1 0 . By v aria tio n  of the cu ltu re  
m edium  and the incubation conditionst it was p o ss ib le  to  a l te r  the 
d isso lv ed  carbon dioxide tension co n sid erab ly . T h e  grow th r a te  of the 
c e lls  w as affec ted  by the medium employed and a ls o  by the pH (possibly 
re f le c tin g  theC O ^ ten sio n ). F a s te s t cu ltu re  growth o ccu rred  on PYR/M AL 
m edium  a t low co n stan t pH> w hereas slow est g row th  w as evident on MAL 
m edium  a t high pH  (N^ sweep 90 m l/m in ). T he im portance of CO^ a s  a 
p o ss ib le  co n tro l fac to r  in ce llu la r  expression  is  ap p a ren t s in ce  the sw arm  
c e lls  g iv ing  r i s e  to smooth colonies (P + S c e l ls )  occu r a t tim es  of h ig h e s t 
COg ten s io n . T h e  frequency of occu rrence of su ch  c e lls  w as reduced 
when Rm  5 w as c u ltu red  a t low er CO^ ten s io n s> i , e .  on MAL m edium . 
R esu lts  indicate th a t the num bers of sw a rm c e lls  produced m ight a lso  be 
p ro p o rtio n a l to th e  am ountof CO^ in solution. H ow ever> the fac t that 
sw arm  c e ll  developm ent is inhibited to vary ing  ex ten ts  by en v ironm en ta l 
conditions m akes th is  d ifficult to a s c e r ta in  i . e .  the num ber of sw arm  
c e lls  p re s e n t  in c u ltu re  is no tde term ined  so le ly  by th e ir  r a te  of production  
but a lso  th e ir  r a t e  of developm ent. A cu ltu re  th a t  produces a large 
num ber of rap id ly  developing sw arm  ce lls  and a c u ltu re  tha t p roduces a 
low nu m b er of slow ly  developing sw arm  ce lls  w ould  be expected to give 
s im ila r  sw arm  c e l l  counts. M aturation and developm ent of im m ature 
sw arm  c e lls  a p p e a r to be ad v erse ly  affected by high pH. T h is  observation  
together, w ith p rev io u s data, im plicates both high pH and low ligh t in tensity  
as  r e p r e s s o r s  of sw arm  ce ll d ev ebpm en t. D iffe ren t cu ltu re  conditions 
seem  to have little  effect on the size  of the sw arm  c e lls  p roduced. T he
3
la rg e s t sw arm  c e lls  (mean volum e 0 .9 0 -1 ,1  pm ) a r e  always produced
during the e a rly  to m id-exponentia l phaseo f c u ltu re  grow th. By s ta tio n a ry
p h ase ( how evert the s iz e  of the single ce lls  p re s e n t  in suspension has
3dropped co n s id erab ly  (mean volume 0 .6 0 -0 .74 pm  ).
E xospo re  fo rm ation  occu rs when the ce lls  a r e  grown in the p re se n c e  of 
tra c e  e le m e n ts . C on tinualsubculturing  on m edium  lacking tra c e  e lem en ts  
re s u lts  in th e ir  g ra d u a l loss of ab ility  to sp o ru la te .
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RUN RUN RUN RUN RUN RUN
(l)  (Ü) 
PYR/M AL PYR/M AL
(Hi)
MAL
(iv)
MAL
(v)
MAL
(vi)
MAL
MEAN
C onst. pH
N2 40ro)/m in N„ 90 m)/min + T .E .z
DOUBLING 
TIME (h )
7 .0 5 .0 11.8 13.0 16 .0 13 .0
STATIONARY
PHASE
ABSORBANCE
3 .5 3 .2 2.1 2.06 1 .6 2.06
STATIONARY 
PHASE pH 7 .9 5 7.1 8 .2 8 .95 9 .5 8.1
PERCENTAGE 
C 0 2 MAX (v/v) 24 .4 57 .0 10.0 4 .6 4 .4 13 .0
PERCENTAGE 
COz FINAL (v/v) 15.6 57 .0 7 .0 0 .8 0 .0 9 .0
SWARM CELL 
COUNT/m l 2 .0 x 1 0 8 8 .8 x 1 0 7 2 .2 x 1 0 8 1 . 1 x 1 0 8 7 .5 x 1 0 7 6. 2 x 108
PERCENTAGE 
P + S 2 .0 - 0 .1 - 0 .0 -
SWARM CELLO
Max vo 1 (i*m ) 0 .9 0 1.11 0 .92 0 .9 2 0 .9 5 0 .9 2
SWARM CELL 
F ina l vol +
0 .7 2 0 .7 4 0 .60 0.71 0 .71 0.61
DEVELOPMENT NO YES NO NO NO NO
SPORULATION NO NO NO NO NO YES
T able  3 .1 0  The behaviour o f 'n o rm a l ' heterogeneous Rm  5 c e lls  in the 151 
batch fe rm e n te r  u nder d iffe ren t en v ironm en ta l cond itions 
( tem p era tu re , 30° C *, incident light in ten s ity , 9000 lux; 
s t i r r e r  speed , 100 r .p . r o .  ).
/
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(v ii) S ta n d a r d 'r u n ' P + S ce lls  (PYR/MAL m edium . No pH co n tro l ) .
A con tro l ex p e rim en t fo r P +  S ce lls  was p e rfo rm ed  with incubation
conditions iden tical to  those used fo r ’n o rm a l’ heterogeneous c e lls .
P+S  c e lls  from  the c u ltu re  re s e rv o ir  w ere  used  a s  inoculum , and ro u tin e
m edium  (PYR/MAL andO .1 M phosphate bu ffe rj pH 6 .8 )  w as em ployed.
The c e lls  w ere  incubated  anaerob ically  a t 3 0 ° C with an incident light
in tensity  of 9000 lux and a s t i r r e r  speed of 100 r . p . m .
C h a ra c te r is tic  behav iour of the cu ltu re  was ap p aren t, and a norm a)
grow th cu rv eo b ta in ed  (F ig . 3 .3 2 ) .  As w as found with ’n o rm a l’ h e terogeneous
c e lls , th e re  w as c o rre la tio n  between the protein  and bac terioch lo rophy ll
content of the c u l tu re . The grow th efficiency of th e P  +  S c e lls  (sta tio n ary
phase  abso rbance 4 . 4 ) ,  how ever, was g re a te r  than p rev iously  observed
w ith ’n o rm a l’ ce lls  (s ta tio n a ry  phase  absorbance 3 .6 ) .  T he soluble CO .
( v /v ) 2
tension reached  a m axim um  of 43%/during la te  exponential growth of the
(v /v )
cu ltu re  before d ropp ing  slightly  to a value of 38%/tiy s ta tio n a ry  p h ase . The 
P +S  ce lls  appeared  th e re fo re  to e ith e r  produce m o re  CO^ o r to u til ise  le s s  
than ’n o rm a l’c e lls  . T h is  observation , how ever, w as an a r te fa c t caused  by 
the ex istence of pH d iffe ren ce s  between the c u ltu re s  . An equilibrium  
ex is ts  between so lub le CO and bicarbonate ions in solution ( C O H C O ,  ). 
At low pH the eq u ilib riu m  is d isplaced to the left, w hereas a t high pH it 
m oves to the r ig h t. C u ltu re s  of ’n o rm a l’ heterogeneous ce lls  always rea ch  
a h igher pH (•— 8 .1 )  than that of P+ S cu ltu res  ( ~  7 .6 ) ,  and th is is 
resp o n sib le  for the ap p a re n t d ifferences in the C O j tension during grow th of 
the two cu ltu re  types, i . e .  the drop in CO2 tension exhibited a t high pH by a 
’n o rm a l’ cu ltu re  is not due to the u tilization  of CO„ by the c e lls  but to a  
sh ift in the H C O ./C O . equ ilib rium . By adding ac id  to the cu ltu re  ex terna lly
O Z
and reducing the pH, it  w as possib le to a r tific ia lly  in c re a se  the soluble CO^
tension of a ’n o rm a l’ c u ltu re  to the co rresponding  level of a P +  S c u ltu re .
F u rth e r  p roof of th is s h if t  in equilibrium  w as obtained by growing ’n o rm a l’
heterogeneous Rm5 c e l ls  a t constant pH, (run ( i i )) w hereby growth of the
c e lls  in late exponential phase d idnot give r is e  to a d rop in the soluble CO^
tension . The production of CO during thegrow th  of ’n o rm a l’ heterogeneous
and P +S R m 5 c e lls  is v e ry  s im ila r .  The uptake of C O . by the two c e ll
14 1types (P + Sand ’n o rm a l ) was investigatedusing  CO2 .
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F ig . 3 .32
P ro p e rtie s  exhibited by a batch cu ltu re  of R m 5  P + S c e lls  grown in the 
15 l i t r e  fe rm en te r  on PYR/MAL m edium  under ro u tin e  conditions (30° C 
9000 lux, l O O r . p . m . ) .
( • )  C u ltu re  ab so rb an ce , 540 nm . ( ■ )  C ulture pH.
( • ) C u ltu re  abso rbance , 890 nm . ( A ) CO,, tension in suspension .
200.
C O ^üpteke. P + S c e lls  versus 'norm al* heterogeneous R m 5
The carbon dioxide uptake ra te s  of P + S ce lls  and f o r m a l 1 c e lls  w e re  
com pared  by growth on routine m edium  (PYR/M ALand 0 .1  M phosphate 
buffer^ pH 6 .8 )  under identical conditions in the p re se n ce  of labe lled  
carbon  dioxide. 1 l i t re  a sp ira to rs  (see Section 2) w ere used as  cu ltu re  
v e s se ls  and the c e lls  incubatedat 30° C with incident illum ination of 
2000 lux.
T he C 0 2 uptake by the P + S c e lls  was indistinguishable from  that of 
the no rm al c e lls  (F ig s . 3 .33  and 3 .34  ). In both ca se s  th e re  w as good 
c o rre la tio n  between thegrow th of the ce lls  (m easured by ab so rb an ce  at 
540 rim) and CC>2 uptake. T here  w as no evidence to sug g est tha t the 
d ro p  in the soluble CO^ tension in the cu ltu re medium of 'n o rm a l ' c e lls  
is  a d ire c t r e s u lt  of stim ulated  CO,, uptake. C 0 2 production and uptake 
by 'n o rm a l' heterogeneous ce lls  ap p ears  no d iffe ren t from  that of P + S 
c e l l s .
201.
F ig . 3 .33
Uptake of 14C 0 2 by a cu ltu re  of P +  S ce lls  g ro w in g  an aero b ica lly  
on PYR/MAL medium  a t  30° C with an Incident illum ination  of 2000 lux
j i : .
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Fig. 3 .33
Uptake of 14C 0 2 by a cu ltu re  of P +  S c e lls  grow ing anaerob ica lly  
on PYR/MAL medium a t 30° C with an incident illum ination of 2000 lux.
#
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F ig . 3 .34
Uptake of ,4C 0 2 by a cu ltu re  o f 'n o rm a l ' heterogeneous Rm 5 
c e lls  grow ing  anaerob ically  on PYR/MAL m edium  a t 30° C w ith an 
incident illum ination  of 2000 lux.
203.
(viii) P +  S c e lls .  Batch cu ltu re  on PYR/high MAL m ed iu m .
P + S ce lls  w ere cu ltu red  an aerob ica lly  (30° C, 9000 lux, 1 0 0 r .p . m . )  
on PYR/MAL grow th m edium  and 0.1 M phosphate buffer, pH 6. 8 which 
contained a high concentra tion  of sodium  hydrogen m a la te  (sodium  py ruvate , 
1 .0  g/1; sodium  hydrogen ma la te , 2 .5  g /1 ) .  Behaviour o f the c u ltu re  was 
abnorm al,andno t as  would be p red ic ted .
The pH response  an d C O j tension of the cu ltu re  w ere  fa ir ly  ty p ic a l,
(F ig . 3 .35a), but due to the in c reased  carbon concentra tion  of the cu ltu re  
m edium  c e ll grow th proceeded  to high density  (F ig . 3 .3 5 b ) . S tab ility  
of the P +  S c e lls  w as unaffected and no rough colony types (c h a ra c te r is tic  
of 'n o rm a l' c e l ls )  w e re  detected  when sam p les  w ere  p la ted  ou t on to  solid  
m edium . During the la te  exponential ph ase  of grow th, how ever, c e l ls  of 
unusual phenotype ap peared  in la rg e  n u m b e rs . Such c e lls  w ere  v e ry  
sm a ll, (P la te 3 .4 0 ), an g u lar, and often a ttached  in p a i r s  (P lates 3 .4 1  
and 3 .4 2 ) . In itially  i t  was thought tha t they w ere  sm a ll e x o sp o re s . 
However, they b ea r li t t le  resem b lan ce , e ith e r  in shape, s iz e  o r  p ro p e r t ie s  
to the exospores fo rm ed  by n o rm al ce lls  (Plates 3 .40 , 3 .4 2 , 3 ,4 3 )  which 
a re  surrounded by ca p su la r  m a te r ia l ,  highly r e f ra c ti le  and p ro d u ced  by 
m other ce lls  in m u ltip les of up to 4. Unlike exospo res  which a re  v e ry  
h ea t re s is ta n t  and ab le  to surv ive te m p era tu re s  of 100° C fo r s e v e ra l  
m inutes, the m in i- 's p o re s ' a r e  h e a t-se n s itiv e  arid have a to le ran ce  
s im ila r  to vegetative c e lls ,  being unable to w ithstand a te m p e ra tu re  of 
60° C . M in i- 'sp o re s ’ show a g re a te r  likeness to c o n s tric te d  v eg e ta tiv e  
c e lls  (Dow, 1974) which a re  form ed infrequently  by the n o rm a l budding 
p ro c e ss .
V \
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F ig . 3 .35a
P ro p e rtie s  exhibited by a batch cu ltu re  of Rm 5 c e lls  grown in the 
15 litre  fe rm en te r  on PYR/high MAL m edium  (30° C, 9000 lux, 100 r .  
( • )  C ulture density . A bsorbance 540 nm .
( *  ) CO^ tension in su sp en sio n .
( ■ ) C ulture pH.
. m . ) .
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F ig . 3 .35b
( • )  C ulture density . A bsorbance 540 nm . 
( a  ) C ell viable count p e r  m l.
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Plate 3 .4 0 
' C ou lter p ro f ile s '
(A) S ta tionary  ph ase  P +  S c e lls  (220 h. ).
(B) Purified  ex o sp o re  p rep a ra tio n .
207.
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Plate 3 .41
Phase co n tra s t photom icrograph  showing the sm a ll angular c e lls  
produced by P + S ce lls  during la te  exponential grow th on PYR/high M.4L
m edium .
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P la te  3 .4 2
(Bars = 1 pm  )
E lec tro n  m ic ro g rap h s (gold palladium  shadow s!
(A (B )(C ) P a irs  of m in i - 's p o r e s '.
(D) Single m in i- 's p o re '.
( E ) E x o sp o res  su rrounded  by ca p su la r m a te r ia l produced  by 
'n o rm a l ' heterogeneous Rm 5 c e lls .
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P late  3 .43
Phase c o n tra s t pho tom icrog raphs
(A) E xospores a tta c h e d  to m other ce lls  in m ultip les o f 3 o r 4.
(B) Purified  ex o sp o re  p rep a ra tio n .
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( ix ) P +  S c e l ls .  Batch cu ltu re  on sod ium  hydrogen m a la te  (MAL) m edium
P + S c e l ls w e re  allow ed to grow  on n o r m a ls a l ts  m edium  and 0 ,1  M 
phosphate  buffer, pH 6 .8 > containing sod ium  hydrogen m a la te  (1 .5  g/1) a s  
so le  carbon  so u rc e . T he u su a l anaerob ic  g row th  conditions w ere  em ployed 
(30° C, 9000 lux, 1 0 0 r .p . m . ) .
Behaviour of the cu ltu re  w as unaffected  by the change in m edium  
co m p o sitio n . S tability  of th eP  +  S c e lls  a p p e a re d  no rm al since  no ce ll 
g row th  on the s id e s  of the fe rm e n te r  w as ev ident, and no m u ltice llu la r 
a r r a y s  w e re  o bserved  in su spension . When p lated  out on to solid m edium  
no rough  colony types w ere  o b se rv ed . As w as the c a se  with the co rre sp o n d in g  
e x p e rim en t ( 'ru n '( iii))  invo lv in g 'n o rm al' h eterogeneous c e lls , the m axim um  
c u ltu re  density  w as carbon lim ited  (F ig. 3 .3 6 a ) .  Growth on m edium  in the 
ab sen ce  of sodium  py ruvate  brought the ex p ected  reduction  in the soluble 
CO^ tension , and an in c re a se  in the s ta tio n a ry  phase pH of the c u ltu re . 
C h a ra c te r is tic  P + S 'C ou lter p ro file s ' (Plate 3 .4 4 )  w ere evident throughout 
c u ltu re g ro w th , and the s iz e  of th e c e lls  d e c re a s e d  considerab ly  with cu ltu re  
ag e  (F ig . 3 .3 6 b ) .  H owever, s ince  the s iz e  of P +  S c e lls  in continuous 
c u ltu re  ap peared  to b e l i t t le  affected  by g row th  ra te , the reason  fo r volum e 
change u n d er batch conditions is open to sp ecu la tio n .
211.
F ig . 3 .36a
P ro p e rtie s  exhibited by a batch cu ltu re  of R m 5 P + S c e lls  grown in 
the 15 l i t r e  fe rm e n te r  on MAL m edium . (30° C 9000 lux, 100 r . p . m . )  
( •  ) C u ltu re  d en sity . A bsorbance 540 nm .
( a ) CC>2 tension  in su sp e n sio n .
( ■ ) C ulture pH .
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F ig . 3 .36b
( • )  C u ltu re  density . A bsorbance 540 nm .
(o)  T o ta l c e llc o u n t p e r  m l. (C oulter co u n ter ).
3
( M  M ean sw arm  c e ll  colum e, ^m  . (C oulter ch an n ely ser ).

(x ) P +  S c e lls .  Batch cu ltu re  on sodium hydrogen m alate  (M AL) m e d iu m .
CO„ tension red u c ed .
T h e  behaviour of P + S c e lls  u n d er conditions of very  low carbon  dioxide 
tension w as s tud ied . The c u ltu re  was allowed to becom e es tab lish ed  on MAL 
grow th  m edium  and 0 .1  M phosphate  buffer (pH 6. 8 )u n d e r the u su a l 
an a e ro b ic  conditions (30° C, 9000 lux( 100 r . p . m .  ) before oxygen f re e  
n itrogen  w as sparged  through the  suspension a t  a flow ra te  of 60 m l/m in .
A c o n s id e rab le  reduction in the C C ^ tension re su lte d , accom panied  by a 
rap id  in c re a se  in the pH of the c u ltu re  (F ig . 3 .3 7 a ) ,  S ignificant lim ita tion  
of c u l tu re  growth by the high pH w as not a p p a r e n t  and behaviour of the 
c u ltu re  seem ed  little  differen t f ro m  th e p re v io u s  ex p erim en t. 'C o u lte r 
p ro f i le s ' (Plate 3 .4 5 )  c h a ra c te r is t ic  of a typ ica l P + S cu ltu re  w e re  once 
again ob ta ined  throughout g ro w th . However, the d e c re a se  in c e llu la r  
volum e w as m ore rap id  and e x tre m e  than u su a l, and c e lls  in the s ta tio n a ry
3
p h a s e c u ltu re w e re  unusually  s m a ll  (mean volum e 0. 44 pm )(F ig . 3 .3 7 b ) .
A few m in i - 's p o r e s ’ w ere o b se rv ed  by the late exponential p h ase  of 
cu ltu re  g ro w th .
O nce again th e re  w as no ev id en ce  to suggest tha t the s ta b ili ty  of the 
P + S c e l ls  had been affec ted ( and th e  appearance of m u ltice llu la r  a r r a y s  
did not o c c u r . T ow ards the end of the ex p erim en t, sam ples w e re  p la ted  
out on to so lid  m edium  and incubated  in anaerob ic  b ag s . No rough colony 
types w e re  detected .
215.
F ig . 3 .37a
P ro p e rtie s  exhibited by a batch cu ltu re  of Rm 5 P + S c e lls  grown in
the 15 li tre  fe rm e n te r  on MAL m edium  under conditions of reduced  CO
o 2
te n s io n . (N2 sw eep 60 m l/m in  ) . (30 C, 9000 luxt 1 0 0 r .p .m . ) .
( •  ) C u ltu re  density .
( A  ) C 0 2 tension in suspension .
( ■  ) C u ltu re  pH.
216.
F ig . 3 .37b
( • )  C u ltu re  density . A bsorbance 540 nm ,
( o )  T o ta l ce llc o u n t p e r  m l. (Coulter coun ter ) .
3
( a )  M ean sw arm  c e ll  volum e, p,m . (C oulter ch annely ser ),
M
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Plate 3 .45
T he 'C o u lte r p ro f ile ’ of P + S c e lls  from  the exponential g row th  
phase  (77 h ).
218.
Sum m ary  of the b eh a v io u r of Rm 5 P +  S c e lls  in the 15 l i t r e  batch 
fe rm e n te r  ex perim en ts
T h e  m ajo r fe a tu re s  concerning- the behaviour of P +  S c e lls  in the 
15 l i t r e  batch fe rm e n te r  under d iffe ren t env ironm enta l conditions a re  
d isp layed  in T ab le  3 .1 1 . S tability  of P +  S c e lls  was unaffec ted  by grow th 
u n d e r any of the conditions em ployed an d th e  appearance of m u ltice llu la r  
a r r a y s  w as not ev iden t. The grow th r a te s  of the s im plified  c e lls  w ere  
co m p arab le  to the 'n o rm a l' heterogeneous Rm 5 c e lls > bu t the grow th 
effic iency  of the fo rm e r  was h ig h e r . H igher values of so lub le  CO^ tension 
w ere  evident, but th is  w as a re flec tio n  of the growth of the  P + S c e lls  
having a le ss  m ark ed  effect on th e c u ltu re  pH than n o rm al c e lls  (and the 
consequent sh ift in the HCO^ eq u ilib riu m ).
G row th of P +  S c e l ls  on m edium  containing high carbon  concentra tion  
gave r i s e  to the ap p earan ce  of sm a ll angu lar c e lls , re se m b lin g  exospo res 
but devoid of th e ir  c h a ra c te r is t ic  p ro p e r t ie s .  The n a tu re  and function of 
these  c e lls  has yet to be investiga ted .
C h a ra c te r is tic  and s im ila r  'C o u lte r p ro f ile s ' of P + S c e lls  w ere  
a p p a ren tu n d e r a l l  conditions stud ied . T he s iz e  of the c e l ls ,  how ever, 
d e c re a se d  rap id ly  with cu ltu re  ag e .
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DOUBLING
RUN
(vii)
PYR/M AL
RUN
(viii)
PYR/high MAL
RUN
(ix)
MAL
RUN
(x)
MAL
N „60 m l/m in
TIM E (h ) 7 .4 7 .0 12 .9 1 5 .0  '
STATIONARY
PHASE
ABSORBANCE
4 .4 5 .0 2 .2 1 .9
STATIONARY 
PHASE pH 7 .5 5 7 .7 7 .9 9 .5
PERCENTAGE 
C 0 2 MAX (v/0 4 3 .5 35.0 14 .9 3 .1
PERCENTAGE
c o 2 f i n a l  (V/0 33. 8 26.0 1 2 .7 0 .0
PERCENTAGE 
NORMA L 
SWARM CELLS
0 0 0 0
CULTURE
BEHAVIOUR T y p ica l
A typical 
mini -cell T y p ic a l T yp ical
production
T a b le 3.11 The behaviour of Rm5 P + S c e lls  in the 151 la tc h  fe rm e n te r  
u n d er d iffe ren t env ironm enta lcond itions ( te m p e ra tu re  30° C 
incident light intensity; 9000 lux; s t i r r e r  speed , 1 0 0 r .p . m . ) .
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Conclusion
T he p rim e  objective of th is p r o je c t  was an ex tensive study of 
m orphogenesis and d iffe ren tia tion  in R hodom icrobium  Rm 5 , in o rd e r  to 
ev a lu a te  the p o ten tia l of th is  o rg an ism  a s  a m odel m ic ro b ia l d iffe ren tia tion  
sy s te m . The in itia l work, p e rfo rm ed  by Dow (1974) w as d irec ted  tow ards 
a g r e a te r  understand ing  of the p ro c e s s e s  involved in the obligate 
d iffe ren tia tion  of th is o rg an ism , i . e . sw arm  c e ll  m a tu ra tio n , tube, bud 
and daughter fo rm ation . In c o n tra s t,  I decided to p u rsu e  the inducible 
d iffe ren tia tio n  p a tte rn s  a s so c ia te d  w ith Rm5 , with a view to confirm ing  
e a r l ie r  suggestions (Dow, 1974) that the environm ent has profound effects 
on the phenotypic exp ression  of th is  o rg an ism . Once such a re la tio n sh ip  
had been es tab lish ed , it w as hoped to identify the env ironm enta l fa c to rs  
a s so c ia te d  with the induction of sw arm  c e lls  and ex o sp o res .
Since the u se  of batch cu ltu re  m eans that the ce lls  a r e  sub jec t to  a 
continually  changing environm ent (light, pH, n u trien t c o n c e n tra tio n ), the 
u se  of continuous cu ltu re  to study  the effec t o f d ifferent defined conditions 
on Rm 5 m orphology and com position  w as favoured. T he grow th of a 'n o rm a l ' 
heterogeneous population of Rm 5 c e lls  in a chem osta t u nder re la tiv e ly  low 
dilu tion  r a te s  led to a com plete change in cu ltu re  com position . T he 
c h a ra c te r is t ic  m u ltice llu la r  a r r a y s  w ere  lost, to yield a s teady  s ta te  
com posed  e n tire ly  of a p rev io u sly  undocum ented ce ll type (P + S c e l ls ) ,  
p o sse ss in g  a sim p lified  life c y c le . Growth of the c e lls  in th is  cyc le  
e lim inated  the m a jo r p rob lem , tha t of ex tensive w all g row th  on the s id es  
of the fe rm e n te r  v e s s e l  no rm ally  a sso c ia te d  w ith grow th a s  m u ltice llu la r  
a r r a y s .  By varia tio n  of the c u ltu ra l conditions (dilution r a te ,  CO^ te n s io n ) 
it w as p o ssib le  to a l te r  the type of c e llu la r  exp ression  d isp layed  by Rm5 
and p e rp e tra te  the rea p p ea ran c e  of m u ltice llu la r a r r a y s .  Such a change, 
how ever, was accom panied by the  seem ingly  insurm ountab le p rob lem  of 
w a ll g row th . Consequently it w as concluded th a t although the ch em o sta t was 
idea l a s  a 'c u ltu re  r e s e rv o i r ' fo r  s im plified  c e lls , its u se  a s  a tool fo r 
studying  the env ironm en ta l influence on c e llu la r  ex rp essio n  in Rm.5 was 
co n sid erab ly  r e s tr ic te d .
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A new approach  w as adopted> and a la rg e  s c a le  batch  fe rm e n te r  w as 
m odified ,enabling the grow th  of Rm5 under vario u s, but c a re fu lly  m on ito red  
conditions to be c lo se ly  ob se rv ed j with the a im  of c o r re la tin g  c e llu la r  
ex p ress io n  w ith tra n s ie n t environm ental c h a n g e s . Sw arm  c e lls  se p a ra te d  
from  the late exponentia l phase of a 'n o rm a l’ h eterogeneous c u ltu re > grown 
in th is  sy stem  w ere  found to g ive r is e  to 's im p lif ie d ' c e l ls .  T h e  ex p re ss io n  
of sw arm  c e lls  in th is m anner w as found to be a s so c ia te d  w ith the tim e of 
m axim um  CO^ tension  in the c u ltu re . A lthough the p o ss ib ility  tha t 
’s im p lif ied ’ c e lls  m ay be m utan ts has not been e ra d ic a te d , it would se em  
unlikely  , and the evidence to date, em ploying batch  and continuous cu ltu re  
techniques would suggest that such ce lls  a r e  an  inducible fo rm  of 
ex p ressio n  w hich m ay be produced a s  a re sp o n se  to conditions of high CO^ 
tension . The v e ry  ex is ten ce  of ’s im p lified ’ c e l ls  has led to the c o n c lu s io n  
c o n tra ry  to p rev ious b e lie fs , that m icrocolony  fo rm ation  is not ob liga to ry  
for sw arm  c e ll  sy n th e s is .
O ther p re lim in a ry  in v e s tig a tio n s, using th e  batch fe rm e n te r  sy s tem , 
confirm  the im portance of the environm ent in reg u la tin g  c e llu la r  ex p re ss io n  
in Rm 5 . Light in tensity , pH and CO^ tension a r e  involved with sw arm  c e ll  
production  and m a tu ra tio n , w hereas the p re s e n c e  of tr a c e  e lem en ts  was 
found to be a req u ire m e n t fo r successfu l sp o ru la tio n .
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Potential
In te rm s  of o v e ra ll com plexity , Rhodom icrobium  vann ielii (R m 5) is 
unique. It p o s se s se s  a polym orphic life cycle undergoing obligate w ell 
defined m o rp h o g en esis . In addition, changes in ce llu la r exp ressio n  (e .g , 
the 's im p lifie d ' vegeta tive life cy c le )  can be induced by a lte ra tio n  of 
env ironm en ta l conditions (F igure 4 .1 ) .  Rhodom icrobium  h as  adopted 
obligate p o la r  grow th (budding)as a mode of ce ll growth in p re fe ren c e  to 
the m ore w idely  observed  in te rca la to ry  grow th. N e v e rth le ss , cell division 
in both s itu a tio n s is by b inary  fiss io n . S ym m etrical ce ll d ivision of 
m onom orphic b a c te r ia , i . e . E .c o li. r e s u lts  in the form ation of two 
q ualita tive ly  and quantita tively  iden tical sib lings. In com plete co n tra st, 
one of the m o st s ign ifican t fea tu re s  of obligate po lar grow th is the asy m m etry  
of c e ll  d ivision with the form ation of two c e lls  d iffering both quantita tively  and 
q ualita tive ly , i . e .  they each have d iffering  ages and a re  a t d iffe ren t s tag es 
of c e ll  developm ent. T he im m ature daughter ce llh a s  a tra n s ito ry  
ex is ten ce  and h as to undergo obligate d ifferentiation  to becom e a m atu re  
m o th e r c e ll capab le  of rep roduction . Such daughter c e lls  a r e  unique in so 
fa r  a s  a s e r ie s  of m orphological and m o lecu lar events o cc u r which a r e  never 
again rep ea ted  during the ex istence of that p a r tic u la r  c e ll. In co n tra s t, the 
s ta lk ed  m o ther c e ll  is s tru c tu ra lly  u n a lte red , undergoing only a sm all 
am ount of f ilam en t syn thesis  before in itiating  new daughter c e ll  fo rm ation .
The fac t tha t la rg e  sc a le  synchronous cu ltu re s  of Rm 5 sw arm  ce lls  can 
ea s ily  be ob tained enables the p a tte rn (s )  of syn thesis of enzym es and other 
p ro te in s  to be followed during the obligate differentiation  of a sw arm  ce ll into 
a m a tu re  m o th er c e ll .  C om parison o fp ro te in  fractions can be effected by 
two d im ensional g e l e le c tro p h o re s is , allowing d ire c t com parison  and 
identification  of c e llu la r  com ponents appearing  and d isappearing  during the 
eye le.
The p o ten tia l of Rm 5 a s  a m odel sy s tem  for exploring d ifferen tia tion  and 
m orphogenesis is im m easu rab le  and is believed to su rp a ss  o th e rs  being 
c u rre n tly  investiga ted . C onsiderab le attention has now been focussed on 
ob ligate d iffe ren tia tion  in the C aulobacter sy stem , w hereas environm entally  
stim u la ted  spo ru la tion  in the Bacillus sy stem  has always been widely re se a rc h e d .
MT h e se  a re  two un re la ted  s y s te m s , w hereas the fea tu re s  of ob ligate and 
inducible d ifferen tia tion  exh ib ited  by these  two o rg an ism s a r e  p rev a len t in 
a  s in g le  sp e c ie s  - R hodom icrob ium . M any of the s im p le r  fe a tu re s  and 
p ro p e r tie s  of th is o rgan ism  h av e  been elucidated , and the nex t step  is 
obviously to investigate the co -o rd in a tio n  and co n tro l of c e llu la r  ex p re ss io n  in 
th is o rgan ism  a t the m o le cu la r level. T h e  re s u lts  p re se n te d  in th is  th e s is  
su g g est that vegeta tive Rm5 c e l l s  p o sse ss  the knowledge to e x p re ss  th e m ­
se lv es  in any of a t le a s t 4 d if fe re n t w ays.
(i)  A vegeta tive m other c e ll  can  give r i s e  to vegeta tive daughter c e lls  
w hich rem ain  linked to the m o th e r  ce ll but a r e  functionally  se p a ra te d  by 
c r o s s  w all p lugs.
( ii)  It can g ive r is e  to 'n o rm a l ' sw arm  c e lls  which develop into 'n o rm a l ' 
m o th er c e lls  , i . e . capable of fo rm in g  m u ltice llu la r a r r a y s ,
( i i i )  It can give r i s e  to 's im p lif ie d ' sw arm  c e lls  which fo rm  P +  S c u l tu re s ,
(iv) It can g ive r i s e  to angu lar h e a t r e s is ta n t  ex o sp o res .
All these  rep ro d u ctiv e  p ro c e s s e s  involve the form ation of daugh ter c e lls  
a t som e d istance from  the m ain body of the 'm o th e r ' c e ll, w here  one can 
assum e c e llu la r  ac tiv itie s  a re  c e n tr e d ,  T h e  m ost com plex situation  is  the 
form ation  of daughter ce lls  in b ranched  sequences. P roposing a sin g le  
b as ic  m odel which s a tis f ie s  a l l  th e  m orphological v a ria tio n s  seen in th is  
o rgan ism  m ust take into account la rg e  num bers of fundam ental p ro b lem s 
no t encountered  by a sim ple b a c te riu m  such as  E h jm lh  Such a concept has 
been d iscu ssed  by W hittenbury an d  Dow (1977) and a mode] p ro p o sed  w hich 
a p p e a rs  to sa tis fy  m ost of the (m orpho log ica l) req u ire m e n ts  of R hodo­
m ic ro b iu m .
Probably the m ost pertinen t question! to ask  concern the co n tro l and 
co -o rd ination  of d ifferen tia tion  an d  m orphogenesis in th is o rgan ism , e .g .
(i)  How does the c e ll  decide w h ich  form  of exp ression  to adopt ?
(ii)  When does the c e ll  decide w hich  form  of exp ression  to adopt ? A re  som e 
c e lls  p reconditioned ?
(iii) When the decision is m ade, how is it effected  ?.
It would ap p ear that sufficien t 'g roundw ork ' has now been com pleted  to 
enable these  p rob lem s to be ta c k le d . R esu lts  suggest that en v iro n m en ta l
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MATURATION
1
O
(OBLIGATE
DIFFERENTIATION
D iagram m atic  rep rese n ta tio n  of obligate and env ironm enta lly  induced changes 
in c e llu la r  ex p ress io n  displayed by Rhodom icrobium  Rm 5
fa c to rs  (light, pH, CO^) a re  involved in the co n tro l of c e llu la r  ex p re ss io n  
in R hodom icrob ium . F u r th e r  v aria tio n s  of en v ironm en ta l conditions,
u sing  the 15 l i t r e  batch fe rm e n te r ,  should enable these  en v iro n m en ta l 
s tim u li to be ’p in p o in ted ’ . It would a lso  be in te res tin g  to  c lo se ly  m o n ito r  
ae rob ic  dark  grow th  of R hodom icrobium  using  the 15 l i t r e  batch f e rm e n te r .
C on tro l of se q u en tia l c e ll changes at the level of tra n sc rip tio n  and 
tran s la tio n  h av e  been p o stu la ted  in both B acillus and C a u lo b a c te r . 
R hodom icrobium  Rm 5 now p re se n ts  ano ther sy stem  m o re  d iv e rse  than 
the two afo rem entioned  in. which d ire c t a n a ly s is  of these  co n tro l m ech an ism s 
is fea s ib le . T h e  iso lation  and puficiation  of DNA dependent RN’A p o ly m e ra se s , 
and rib o so tn a l p ro te in s , from  the d iffe ren t Rm 5 c e ll  types, and th e ir  
com parison  by two d im ensiona l g e l e le c tro p h o re s is  p re s e n ts  few p ro b le m s . 
The se n s itiv ity  and reso lu tio n  of the ge l sy s tem  should allow  even the 
s lig h te s t m odifications to  be o b se rv ed .
Rm  5 would a lso p ro v id e  a v e ry  su itab le  sy stem  to investiga te  the 
involvem ent o f cyclic nucleo tides in the co n tro l of d iffe ren tia tion  s ince  
nucleo tide le v e ls  could b e c o r re la te d  with e a s ily  reco g n izab le  developm enta l 
s ta g e s .  T he cyc lic  nucleo tide  levels in the d if fe re n tc e ll  types could be 
m easu red  and co m p ared , and it would be in te res tin g  to s e e  if a cu ltu re  of 
's im p lified ' R m 5  could be m ade to grow  'n o rm a lly ' by the ex te rn a l 
m anipulation o f cyclic nucleo tide  levels in the  cu ltu re  m ed ium .
Obviously the  ex p e rim en ts  one could p efo rm  with an o rg an ism  of th is  
type a re  l im it le s s .  It would b eco m fo rtin g  to think that th e  re su lc s  ob tained 
so f a r ,  and a l l  fu tu re know ledge using  th is o rg an ism , can  u ltim a te ly  be 
ex trapo lated  to  give a fu lle r  understand ing  of the d iffe ren tia tion  and 
developm ent p ro c e s s e s  of h igher o rg an ism s .
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